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ABSTRACT: There has been a relentless pursuit of transverse electric (TE)-dominant deep 

ultraviolet (UV) optoelectronic devices for efficient surface emitters to replace the 

environmentally unfriendly mercury lamps. To date, the use of the ternary AlGaN alloy inevitably 

has led to transverse magnetic (TM)-dominant emission, an approach that is facing a roadblock. 

Here, we take an entirely different approach of utilizing a binary GaN compound semiconductor 

in conjunction with ultrathin quantum disks (QDisks) embedded in AlN nanowires (NWs). The 

growth of GaN QDisks is realized on a scalable and low-cost Si substrate using plasma-assisted 

molecular beam epitaxy as a highly controllable monolayer growth platform. We estimated an 

internal quantum efficiency of ~81% in a wavelength regime of ~260 nm for these nanostructures. 

Additionally, strain mapping obtained by high-angle annular dark-field scanning transmission 

electron microscopy is studied in conjunction with the TE and TM modes of the carrier 

recombination. Moreover, for the first time, we quantify the TE and TM modes of the PL emitted 

by GaN QDisks for deep-UV emitters. We observed nearly pure TE polarized photoluminescence 

at a polarization angle of ~5˚. This work proposes highly quantum-confined ultrathin GaN QDisks 

as a promising candidate for deep-UV vertical emitters.
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1. INTRODUCTION 

Deep ultraviolet (UV) optoelectronics devices are of great interest owing to their numerous 

applications, such as water/air purification, sterilization, medical treatment, memory devices, 

fluorescence-based biochemical sensing, military/defense purposes, and non-line-of-sight optical 

communication.1,2,11,12,3–10 Of all the semiconductor materials, AlGaN is perhaps the most studied 

group-III-nitride (III-N) alloy aimed at replacing the environmentally hazardous mercury lamps. 

Heavy reliance on AlGaN for UV optoelectronics is understandable because of its bandgap 

tunability (3.4–6.1 eV), where the bandgap can be tuned by changing the Al composition, which 

covers the UV-A, -B, and -C spectral ranges.13 Despite the tunable nature of AlGaN, the excessive 

strain accumulation associated with increased alloying of Al in AlGaN and the poor dopant 

activation due to the large ionization energy of the donors and acceptors are not favorable for realizing 

efficient deep-UV emitters.14 Such strained epitaxial layers remain intact only up to the critical 

thickness beyond which the layer relaxes, creating dislocations.15 Apart from dislocations, the 

accumulated strain plays a significant role in altering the band structure near the center of the 

Brillouin zone, which is typical for direct bandgap group-III-N semiconductors. The valence band 

in strained group-III-nitride compounds can consist of heavy-hole (HH), light-hole (LH), and 

crystal-field split-off (SH) bands. Prior studies showed that the collations of these energy states in 

the valence band of GaN, AlGaN, and AlN are noticeably different.16 Carriers in HH bands have 

different projections of angular momentum than those in the LH bands in group-III-N 

semiconductors, which affects the modes of carrier recombination, i.e., transverse electric (TE) 
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and transverse magnetic (TM) modes when carriers undergo radiative recombination.16,17 The 

energy bandgap of the ternary compound, AlxGa1-xN does not solely depend on the proportion of 

“Al” but also depends on the crossover among LH, HH, and SH bands. For bulk AlxGa1-xN, the 

TE mode is suppressed when x  > 0.25 (λ < 315 nm);17 however, in an ideal case, AlxGa1-xN 

quantum wells (QWs) when strained to AlN barriers, valance band crossover takes place for x > 

0.57, which shows the viability of TE-dominant UV emitters for AlxGa1-xN (x  <  0.57).18 

Nonetheless, unlike InGaN alloys, compositional inhomogeneities due to spinodal decomposition 

are not expected in AlGaN alloys, which results in poor internal quantum efficiency (IQE).19 Even 

when the IQE of the Al0.7Ga0.3N in Al0.7Ga0.3N/AlN  system was improved from 5 % to 50 %, the 

likelihood of achieving highly efficient TE dominant AlGaN-based deep-UV surface emitters is 

strictly jeopardized. Although the exploration of a new material system is one possible way to 

obtain highly efficient deep-UV devices,7,20–22 developing a new material system and translating 

the system to an industrial application is not trivial. Thus, manipulating nanostructures and 

nanofabrication techniques in an already well-developed material system is more likely to receive 

industrial adoption in the pursuit of highly efficient deep-UV emitters. 

Apart from the usage of AlGaN as the active layer, utilizing the concept of high quantum 

confinement in ultrathin GaN QWs in GaN/AlN binary heterostructures is one of the highly 

thought of nanophotonic techniques used in planar devices to enhance the vertical (c-plane) 

emission. Cui et al.23 reported a methodical investigation on the electronic structure of wurtzite 

and zinc-blende GaN/AlN superlattices. The bandgap, strength of the electric field and their 

association with biaxial strain as a function of the superlattice thickness are calculated based on 

the all-electron DFT calculation. Subsequently, the thickness-dependent bandgap of the GaN 

monolayers (MLs) in GaN/AlN superlattices was reported  where the shortest  wavelength  



5 

 

achieved was 244 nm (5.5 eV).24 Building on the previous theoretical reports, Taniyasu et al. 

claimed to have experimentally achieved the UV emission as deep as 236.9 nm when the thickness 

of the QW in the GaN/AlN  heterostructure is reduced to 0.9 ML.25 It has also been reported that 

the c-plane emission from such structures is stronger than the ternary heterostructures utilizing 

AlGaN QWs for similar wavelength regime. Later, an extensive theoretical and experimental study 

of the electronic and optical properties of atomically thin (1–2 ML) GaN/AlN heterostructures was 

reported to realize the deep UV emission as low as 224 nm.26  Numerical studies on ultrathin (< 4 

MLs) GaN/AlN also show the bandgap can be tuned from 3.97 to 5.24 eV by changing the 

thickness of GaN QWs. Furthermore, the use of such ultra-short-period superlattices (SPSLs) 

boosts the inter-well resonant coupling, which enhances the electron-hole wavefunction overlap 

up to 97%.27  In the quest of finding alternative material systems, ZnO/MgO was studied in contrast 

to GaN/AlN, eventually discovering material-dependent bandgap bowings and strength of the 

internal electric field.28   The current record for the shortest wavelength achieved in GaN/AlN 

quantum heterostructures is 219 nm.29 Furthermore, a nonconventional electron-beam (e-beam) 

pumping technology has  recently been used to realize a tunable (232 – 267 nm) UV emitters with 

a  record high output power of ~ 2.2 W at an  emission wavelength of ~260 nm.30 Sellés et al. 

reported an optically pumped UV microlaser (275 nm) at room temperature (RT) using GaN/AlN 

SPSLs embedded in micro-disk photonic resonators. This was the first report on microlaser 

emitting in the deep UV range below 300 nm and at RT at that time.31  Lately, GaN/AlN 

superlattice structures have also been employed to generate deep UV stimulated emission to realize 

optically pumped TE enhanced deep UV (249 nm) laser at RT; however, quantitative discussion 

on TE and TM modes is lacking.32 A previous report on a TE-dominant planar GaN/AlN binary 

(planar) heterostructure emitter at ~298 nm claimed to have achieved TE emission 30 times higher 
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than the TM mode.33 Nonetheless, planar device structures are not the most efficient nanostructures 

that can be used to unleash the full potential of the high quantum confinement system. Native 

substrates are very expensive, and growing a planar nanostructure on highly mismatched foreign 

substrates leads to a high concentration of threading dislocations, generating nonradiative 

recombination centers and resulting in a poor IQE and hence external quantum efficiency.4,34 In 

contrast to their planar counterparts, nanowires (NWs) offer an excellent platform for the growth 

of the dislocation-free group III-N semiconducting materials on scalable substrates.35–38 In addition 

to bandgap manipulation, GaN quantum disks (QDisks) embedded in an AlN NWs allow improved 

overlap between the electron and hole wavefunctions, which increases the probability of radiative 

recombination, particularly for the conduction band−HH band transition enhancing the TE mode.39 

To date, there is only one report on GaN QDisks-based deep UV emitters, leaving an immense 

space to explore the fundamental science of the optical properties, carrier dynamics, and their 

association for device applications.40 As the characterization of TE and TM modes of the PL 

emission was missing in the report, the potential of GaN QDisks embedded in an AlN NW matrix 

lacks the required experimental support for further development of deep-UV emitters based on 

quantum-confined binary compounds. 

Here, we report the precise monolayer growth of GaN QDisks based on plasma-assisted molecular 

beam epitaxy (PA-MBE) without resorting to the alloy composition tuning of the conventional 

ternary AlGaN compound semiconductor for deep-UV emission. We carry out a detailed 

morphological characterization of GaN QDisks in AlN NWs followed by comprehensive optical 

characterizations, i.e., temperature-dependent photoluminescence (TDPL), power-dependent PL 

(PDPL) and time-resolved PL (TRPL) characterizations. We examine the origin of the multiple 
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peaks in the PL spectra using electron energy loss spectroscopy (EELS). More importantly, 

polarization ratio measurements are accomplished based on the PL quantifying the TE and TM 

modes experimentally to realize TE-dominant PL emission in GaN thin QDisks for efficient UVC 

emitters. 

 

2. Experimental Methods 

GaN QDisks in the AlN matrix of NWs were grown on a 3-inch Si substrate using a VEECO GEN 

930 PA-MBE system. The growth temperature was increased up to 850 °C for native oxide 

desorption followed by GaN NW growth at 680 °C. After the axial growth of the AlN barrier on 

the GaN NW, the temperature was increased to 750 °C for GaN QDisks followed by AlN capping. 

The Ga beam equivalent pressure (BEP) was fixed at 5 × 10-8 Torr, whereas the Al BEP was kept 

at 6 × 10-8 Torr. Nitrogen flow was maintained at 1.0 sccm with an RF power of 350 W. QDisks 

with different thicknesses were grown to elucidate the effect of quantum confinement: (a) sample 

1 consisted of 10-fold GaN QDisks (10x QDisks), each with a thickness of ~1 nm separated by an 

AlN barrier of ~3 nm, and (b) sample 2 consisted of 30-nm-thick single GaN disks sandwiched 

between the 10 nm of AlN layers on each side. The detailed NW growth mechanism employing 

PA-MBE has been reported elsewhere.34,41–43 

TRPL measurements were carried out using a third-harmonic signal ( = 250 nm, pulse width of 

150 fs, and pulse repetition rate of 2 MHz) of a mode-locked Ti:sapphire laser (Coherent Mira 

900) with a power output of 1.75 W ( = 750 nm). APE-SHG/THG was used to obtain the third 

harmonics ( = 250 nm, pulse width of 150 fs, and pulse repetition rate of 76 MHz) and the 

repetition rate of 76 MHz was successively reduced to 2 MHz using a pulse selector (APE). The 
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diameter of the laser spot on the samples was kept ~ 100 µm. The emission from the sample was 

detected by a monochromator attached to a Hamamatsu C6860 streak camera with a temporal 

resolution of 40 ps. The integration time was maintained at 100 ms for 500 integrations. All the 

TRPL decay parameters were evaluated by fitting the decay curves using the double exponential 

decay equation, i. e., eq 1. 

𝑌 = 𝑌𝑜 + 𝐴fast𝑒
−(

𝑡

𝑡fast
)
+ 𝐴slow𝑒

−(
𝑡

𝑡slow
)
 (1) 

where Yo represents the background signal, tfast is the fast decay time, tslow is the slow decay time, 

and Afast and Aslow are the weightings of the fast and slow components.  

The IQE is estimated using eq 2. 

IQE =
(IPL)𝑇
(IPL)4K

   (2) 

where (IPL)T and (IPL)4 K are the integrated PL at temperature T and 4 K, respectively. To avoid 

the complication regarding the hot carrier-phonon interaction and optical phonons, we used the 

slow decay time as the total PL lifetime ( PL ). The nonradiative lifetime ( nr ) and radiative life 

time ( r ) are calculated using the following equations under the condition that all of the 

nonradiative recombinations are frozen at 4 K, i.e., IQE ~1 at 4 K.44 However, it is not always 

guaranteed that the IQE would maximize at  the lowest temperature (4 K in our case). Nonetheless, 

while calculating the IQE at a certain temperature, IPL at that temperature is normalized by the 

highest value of the IPL among all the temperatures.45  

 

 𝜏r =
𝜏PL

IQE
 (3) 

 𝜏nr = (
𝜏PL

1−IQE
) (4) 
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The TDPL, PDPL, and polarization-based measurements were performed using a Lexel SHG 85 

laser (frequency-doubled wavelength of = 244 nm). The PL emission signal was detected using 

an Andor Shamrock 303i spectrograph attached to a charge-coupled device (CCD) camera. The 

TDPL measurements were performed in the temperature window of 4 K - 290 K using a closed-

cycle refrigerator cryostat. We used a Glan-Taylor (G-T) polarizer, GT10-A, placed on a rotational 

mount to study the polarization characteristics and quantify the TE and TM components of the PL 

emission. The PL emission splits into I  (electric field parallel to the c-axis) and I⊥ (electric field 

perpendicular to the c-axis) as it passes through the G-T polarizer. We obtain the I  and I⊥

components for different polarization angles ( 5 70   ) as the G-T polarizer rotates about the 

propagation direction of light. The TE-TM components and degree of polarization (P) are assessed 

in terms of I  and I⊥ using the following eqs 5-9.33,46,47 

 𝐼⊥ = 𝐼TE𝑥, (5) 

 𝐼‖ = 𝐼TE𝑦 cos
2 𝜃 + 𝐼TM sin2 𝜃, (6) 

 TETotal = 𝐼TE𝑦 cos
2 𝜃 + 𝐼TE𝑥, (7) 

 TMTotal = 𝐼TM sin2 𝜃, (8) 

 𝑃 =
TE−TM

TE+TM
, (9) 

where ITM is the intensity of the TM mode and ITEx and ITEy are the intensities of the TE mode 

along the x-axis and y-axis, respectively. Given the isotropic nature of the emission in the x–y  

plane, the values for ITEx and ITEy are identical.48 The value of the polarization (P) ranges from -1 

(for a pure TM mode) to 1 (for a pure TE mode); a nonzero positive value of ‘P’ is the sign of 

TE-dominant emission. 
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Raman spectroscopy was carried out using a 325-nm continuous-wave HeCd laser in order to 

compare the strain induced in bulk GaN with that in thin QDisks. To investigate the structural and 

chemical integrity of the QDisks in NWs, we prepared a cross-sectional transmission electron 

microscopy (TEM) lamella using a FEI Helios NanoLab 400S focused ion beam (FIB)/scanning 

electron microscopy (SEM) system. High-angle annular dark-field scanning TEM (HAADF-

STEM) and EELS were carried out using a probe-corrected FEI Titan system with an electron 

beam operating at 200 kV. Geometric phase analysis (GPA) was performed using the HAADF-

STEM images to investigate the strain evolution in the QDisks. 

 

3. RESULTS AND DISCUSSION 

3.1. Morphological Characterization 

A schematic of the GaN QDisks embedded in AlN NWs is shown in Figure 1a. The SEM images 

displayed in Figures 1b and 1c show that the NWs grown on the Si substrate are vertically grown 

with a good areal coverage. The Z-contrast image in Figure 1d shows that 10 GaN QDisks are 

confined in the AlN NWs, which resembles the schematic presented in Figure 1a but with the 

curvature as observed in HAADF-STEM. The clear contrast of the GaN QDisks (bright) to AlN 

(dark) revealed in the HAADF-STEM images show no visible diffusion of AlN in the GaN 

QDisks, which is attributed to the excellent growth process of the material. Ideally, strain-free GaN 

QDisks are expected to grow flat on the c-plane, but due to the in-plane biaxial compressive 

strain,49–51 the QDisks observed in the HAADF-STEM images in Figure 1d appear to be curved at 

the edge. This shows that the GaN QDisks embedded in AlN NWs not only grow on the c-plane 

(polar) but also along the semipolar axis. The average thickness of the GaN QDisks grown on c-

plane (~0.83 nm) is relatively thinner than the ones grown on the semipolar plane (~1.35 nm).  
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This led us to investigate the interband transitions and bulk plasmon energy for GaN grown on 

each of these two facets, i.e., the c-plane and the semipolar plane.  

Twenty QDisks were probed on two randomly chosen NWs. The bulk plasmon energies of the c-

plane GaN and semipolar GaN were investigated by performing EELS. The bulk plasmon energy 

for each of the twenty QDisks is plotted as shown in Figure 2a, demonstrating that the average 

bulk plasmon energy peak for the c-plane GaN is consistently higher than that of semipolar GaN 

Figure 1. Schematic and SEM images of GaN QDisks confined in an AlN matrix in freely standing 

NWs grown on an n-Si substrate: (a) schematic of the QDisks, (b) top view of an SEM image, (c) 

tilted 45 side view, and (d) high-angle annular dark field transmission electron microscopy 

(HAADF-STEM) of NWs illustrating the ultrathin GaN QDisks embedded (marked with a red 

circle) in the AlN matrix. The zoomed-in part on the right in (d) shows clear contrast between the 

GaN QDisks (bright) and AlN (dark) illustrating GaN QDisks of thickness ~0.83 nm on the c-plane 

and ~1.35 nm on the semipolar plane. 
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in all the QDisks, i.e., 20.78 ± 0.05 eV and 19.9 ± 0.06 eV, respectively. A representative bulk 

plasmon energy plot excluding the zero-loss peak for c-plane GaN and semipolar GaN is shown 

in Figure 2b. Two distinct bulk plasmon energy values qualitatively indicate two systems with 

different energy bandgaps, associating higher peak bulk plasmon energy values with higher 

quantum confinement.52 We also employ low-energy EELS as a tool to study the electronic 

structure and estimate the bandgaps.53 The bandgaps for c-plane GaN and semipolar GaN are found 

to be 4.81 eV and 4.31 eV, respectively, as shown in Figure 2c. Generally, the bandgap of the GaN 

grown on c-plane (polar) is relatively narrower than the one grown on semipolar plane because of 

the strong polarization field in c-plane. However, in our case, GaN grown on the c-plane (~0.83 

nm) is found to have larger bandgap than that grown on the semipolar plane (~1.35 nm). This 

interesting observation can be attributed to the notable difference in the thickness of the QDisks 

(see Figure 1d) grown onto the different facets. The quantum confinement in these ultrathin 

QDisks is inversely proportional to the thickness of the QDisks,40 and so is the bandgap. This result 

can be linked with the multipeak PL emission in the latter sections. The strain induced in a direct 

bandgap group-III-N semiconductors plays an important role in the modification of the band 

structures near the center of the Brillouin zone, as shown in Figure 2d.54 Strain compliance is 

sustained only by the in-plane lattice spacing in thin planar heterostructures in which the in-plane 

relaxation of both layers is not fully achieved and normal stresses seem insignificant.55 However, 

embedded heterostructures can exhibit additional nonzero normal stresses.49–51 GPA 

strainmapping of the HAADF-STEM images was performed to understand the evolution of the 

strain in the GaN QDisks in AlN NWs (a pure bulk AlN area in the NW is taken as a reference, 
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 Figure 2. EELS and strain analysis: (a) bulk plasmon energy peak (represented by blue and red 

dots) for 20 QDisks from 2 randomly chosen AlN NWs, where the horizontal dotted lines (blue and 

red) represent the average value and the error bars are the standard deviation of the plasmon energy 

peak values. (b) Sample spectrum of the bulk plasmon energy on each facet of the QDisks (red: 

semipolar; blue: c-plane). (c) Low-energy EELS spectra of the bulk plasmon (red dots semipolar; 

blue dots: c-plane). (d) Band energy diagram of GaN near the center of the Brillouin zone (Γ-point) 

highlighting the conduction band (CB), LH and HH: (i) strain-free epitaxial layer and (ii) strained 

epitaxial layer, compressively strained in the x-y plane and enduring tension strain along the z-axis 

(growth direction). (e-i) HAADF-STEM image of GaN-QDisks/AlN. (e-ii) Strain map of the 

HAADF-STEM image. (e-iii) Strain map of GaN-QDisks/AlN using GPA overlapped with the 

HAADF-STEM image. 
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i.e., strain-free). Figure 2e-i – iii illustrates an HAADF-STEM image of the GaN QDisks, the out-

of-plane strain ( zze in the growth direction of the NWs) mapping of the QDisks, and the combined 

GPA strain map overlapped with the HAADF-STEM images, respectively. Theoretically, the AlN 

barrier should be strained the most at the bottom of the QDisks and decrease with the growth 

direction.40 In our case, the tensile strain is the strongest (brightest yellow), ~ 2.5 %, at each center 

of  the QDisks, spreads out from the QDisks and covers most of the barrier spacing, whereas each 

AlN barrier is either compressively strained or unstrained. In contrast to the theoretical claims,40 

we could not establish any evidence for strain relaxation (in the barriers) or strain accumulation 

(in the QDisks) in the growth direction of the NWs. We were unable to gather precise information 

about the in-plane strain using GPA because of technical complications; nevertheless, the 

curvature observed in the GaNs QDisks in the HAADF-STEM image suggests the existence of 

biaxial compressive strain.49–51 The in-plane compressive strain and tensile strain in the QDisks in 

the growth direction lift the HH band to the top of the valance band, facilitating the majority of the 

electrons from the conduction band to recombine with the holes in the HH band, resulting in TE-

dominant emission.16,54 

In addition, we performed a comparative Raman spectroscopic measurement for two samples: 

sample 1 (10× QDisks) and sample 2 (bulk GaN) using a 325-nm HeCd laser at RT, as shown in 

Figure S1. The narrower full width half maximum (FWHM: 20.71 cm-1) of the GaN QDisks 

compared to that of bulk GaN (30.71 cm-1) shows sharper GaN and AlN interfaces in the GaN 

QDisk sample, and the blueshift of the A1 (LO) peak for the GaN QDisk sample compared to the 

peak of the bulk GaN suggests that the GaN QDisks are compressively strained compared to bulk 

GaN, which is consistent with the previously reported work.56,57  
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3.2. OPTICAL CHARACTERIZATION 

3.2.1. Temperature and Power-Dependent PL Measurements 

To investigate the carrier recombination process, we performed PDPL and TDPL measurements 

for the ultrathin (~1 nm) GaN QDisks and bulk GaN (see Figure S2). Two distinct peaks are 

evident in the PL spectra throughout all the temperatures and excitation power densities. At 4 K, 

peaks centered at 260 nm (4.74 eV) and 286 nm (4.33 eV) are observed, demonstrating a 

significant blueshift compared to the bulk GaN peak emission centered at 365 nm (3.39 eV) and 

confirming the presence of strong quantum confinement in the GaN QDisks.35 The blueshift of the 

peak emission versus the thickness of the GaN QDisks is shown in Figure S3. Prior to our EELS 

measurement, we expected to obtain a single broad emission peak; however, the existence of two 

peaks in the PL study confirms the existence of two different recombination channels with distinct 

bandgaps created by the growth of GaN in different crystalline facets. There are a few claims made 

in previous reports that the origination of two distinct peaks in similar nanostructures (mainly in 

planar QWs) is merely ascribed to the variation in the thickness of the QDisks or QWs.33,40 It is 

plausible that the deviation of the thickness of the QDisks changes the degree of quantum 

confinement and hence leads to different emission peaks. Should we consider the random variation 

in the thickness of the QDisks, we must expect a single peak with a broad FWHM.29 Hence, linking 

the origination of multipeak emission solely to the random variation in the thickness of the QDisks 

does not seem to be conclusive. Remarkably, our findings regarding the bandgap of the GaN 

QDisks on different facets using low-energy EELS corroborate the two peaks observed in the PL 

spectra, i.e., the peak centered at 260 nm attributed to GaN in the c-plane and the peak centered at 

286 nm for GaN in the semipolar plane. Nonetheless, there is a slight discrepancy in the bandgap 

results obtained from the EELS and PL peaks, which may have been caused by insufficient 
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resolution, several indirect measurements or the calculations involved. Apart from the facet-

dependent emission explanation 58,59, there is a reasonable chance that the existence of these two 

peaks in the PL spectra could be a consequence of a two state energy transition,45 thickness-

dependent emission not necessarily from the different facets of the same QDisks but from the 

cluster of QDisks, and the emission from the QDisks with variable thicknesses.40 Further studies 

are required to ascertain which of the above mentioned phenomenon is dominant. The PDPL 

Figure 3. (a) Normalized PDPL spectra at 4 K. Deconvolution of the PL spectra showing the 

contribution of the high energy peak (b) 21 % at a power density of 70 mW/cm2, and (c) 32 % at a 

power density of 90 W/cm2. (d)  IPL comparison of the PDPL at 4 K and at RT, (290 K) as a 

function of the laser excitation power density along with the respective power law fits. 
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measurement was carried out with a wide range of laser excitation power densities (70 mW/cm2– 

90 W/cm2). Figure 3a shows the 4 K PDPL spectra, where both peaks shifted blue, and the 

contribution of the high energy peak increases with an increase in the excitation power density. 

The PL spectra obtained using the lowest power density (70 mW/ cm2) and the highest power 

density (90 W/cm2) were deconvoluted and are plotted in Figure 3b,c respectively. The observed 

blueshift of ~4 nm and ~6 nm for the 260 nm peak and the 286 nm peak  and the increase in the 

contribution of the high energy peak from 21 % at 70 mW/cm2 (see Figure 3b) to 32 % at 90 

W/cm2 (see Figure 3c) can be associated to the band-filling effect.60   We fit the IPL versus the 

excitation power density (P) using the equation IPL P (see Figure 3d), where the value of   

from the power law fitting equation provides information about the type of carrier recombination 

process.60–62 In a power density range of 70 mW/cm2 – 300 mW/ cm2, we estimated  to be 1.37 

at RT and  to be ~1.0 at 4 K, suggesting the existence of nonradiative recombination centers at 

RT that are almost frozen at 4 K62,63. As we increase the excitation power density to 0.7 W/ cm2 – 

15 W/ cm2, the values of  are found to be fairly close to unity in both cases (RT and 4 K), 

illustrating that the carrier recombination is primarily dominated by a radiative process. The values 

of   decrease to 0.73 and 0.64 at 4 K and at RT, respectively, above the excitation power density 

of 23 W/cm2, which can be attributed to the phonon- or defect-assisted Auger effect.64 

We chose a laser excitation power density of 0.7 W/cm2 to perform the TDPL 

measurements, as the IQE from the PDPL was estimated to be the best in this power density 

regime. The PL spectra at all temperatures (4 K through RT) consist of two dominant peaks, as 

shown in Figure 4a. The lower energy peak (286 nm) follows the usual TDPL trend, i.e., the PL 

quenches with increasing temperature, whereas for the higher energy peak (260 nm), the PL 
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increases with an increase in temperature and maximizes at 180 K and then quenches as the 

temperature is further increased. Figure 4b illustrates the IPL of the of each peak plotted as a 

function of the inverse temperature on one axis (left) and the contribution the high energy peak is 

shown on the other axis (right). The proportion of the high energy peak (260 nm) in overall PL 

contributes ~ (23 – 28) %, which maximizes at 180 K. This anomalous behavior of the IPL for the 

high-energy peak (~ 260 nm) can be due to the separation of holes in the LH and HH bands, 

because the AlN barrier is assumed to trap light holes at low temperature. Trapped holes are 

thermally activated to overcome the barrier and contribute to radiative recombination through GaN 

QDisks at higher temperatures.62,65 Figure 4c-i shows that the peak persistently shifts to the lower 

energy side (redshift) for the 286 nm peak upon ramping up the temperature over the range 4 K – 

290 K, whereas for the 260 nm peak, a blueshift is observed until 180 K, followed by a redshift 

for the latter temperatures. The redshift can be attributed to the recombination of excitons receiving 

thermal energy within the carrier localization in potential minima. For the high-energy peak (260 

nm), when the temperature increases from 4 K to 180 K, it would enable the carriers to achieve 

the thermal equilibrium with the lattice and occupy higher energy states resulting in the blueshift 

(4 K- 180 K). After 180 K, there occurs a regular thermalization resulting in the red shift.62 The 

FWHM is shown in Figure 4c-ii; for the low-energy peak, the FWHM almost plateaus with a 

change of 
 1.0 0.5 nm just above the range of error, whereas for the high-energy peak, it remains 

almost constant until 150 K and slowly increases up to 
 2.0 0.5  nm as the temperature reaches 

RT. This broadening of the PL peak is in agreement with regular thermalization of the carriers.62 

The normalized IPL for the two peaks as a function of the inverse temperature is plotted in Figure 

4d independently. The values of IQE at RT for the 286 nm and 260 nm peaks are calculated to be 

78 % and 81 % respectively (see Figures 4d-i, ii). 
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Figure 4. (a)  TDPL spectra measured at different temperatures (4 K through RT) where the inset 

is the zoomed in portion of the high energy peak (260 nm). The maximum shift observed in the 

TDPL in 260 nm and 286 nm peaks are ~1.5 nm and ~3 nm respectively. (b) IPL plotted as a 

function of the inverse temperature for both peaks: 286 nm (red dots) and 260 nm (blue dots).  

The black-square plot shown on the right illustrates the proportion of IPL contributed by the high 

energy peak (260 nm) where the percentage is calculated taking the IPL under both peaks as total. 

(c, i) Peak emission energy, (c, ii) FWHM as a function of temperature for both peaks. (d)  Norm. 

IPL illustrating the IQE of two peaks a function of the inverse temperature individually (i) 286 

nm and (ii) 260 nm.  
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3.2.2. TRPL Measurements 

We performed temperature-dependent TRPL measurements for both emission peaks where the 

details of the double exponential decay fit (ExpDec2) are shown in Figure 5a,b. The fast decay 

time (tfast) shown in Figure 5c is associated with fast thermal phenomena such as the cooling of 

hot carriers, photon–phonon  interactions, and Coulombic interactions,66 which result in 

nonradiative recombination. On the other hand, the slow decay time (tslow) shown in Figure 5d is 

taken as the total PL decay time ( PL ), where the radiative and nonradiative decay (other than the 

fast thermal decay) times can be estimated using eqs 3 and 4. It is found that the fast decay time 

for both peaks steadily decreases with increasing temperature suggesting that the fast thermal 

phenomena associated with the high-energy peak (260 nm) are short lived compared to the low-

energy peak (286 nm). On the other hand, the slow decay time also decreases with increasing 

temperature for both peaks almost in a similar fashion. For the higher energy peak (260 nm), it 

decreases gradually up to 75 K and remains almost constant up to 180 K and plummets for 

higher temperatures. On the other hand, for the low-energy peak (286 nm), it decreases gradually 

from 5 K to 100 K and plateaus until 200 K before it decreases significantly. To understand the 

contribution of the slow versus fast decay, we plot the ratio of the intensities Aslow to Afast, i.e., 

slow

fast

A

A

 
  
 

in Figure 5e, which embodies the qualitative contribution of radiative recombination in 

the overall PL decay process.67 The steady decrease of slow

fast

A

A

 
  
 

explains the increase in the 

nonradiative recombination with increasing temperature for the lower energy peak, whereas the 

anomalous bump is due to thermally assisted radiative recombination by the release of trapped 
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carriers until 180 K, after which the nonradiative process dominates.65 Figure 5f shows the 

temperature-dependent values of PL , nr , and r  for the peak centered at 286 nm. nr  (y-axis: on 

the left ) and PL , r  (y-axis: on the right). nr rapidly decreases with increasing temperature, but 

the decreases of PL and nr are not as significant. The larger value of nr ~ 5 ns compared to r  ~ 

Figure 5. Temperature-dependent TRPL data and second-degree exponential decay (ExpDec2) fit 

parameters: (a) 290 nm peak and (b) 260 nm peak at RT.  Temperature-dependent (c)  fast decay 

time and (d) slow decay time, (e) ratio of the slow to fast decay contribution for the peaks at 260 

nm (blue dots) and 286 nm (red dots) and (f)  , , and vs temperature for the emission peak 

at 286 nm. 
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2.5 ns at RT also illustrates that the overall carrier recombination process is predominantly 

radiative, yielding a high IQE of ~ 8 %.68 Nevertheless, the overall evaluation of the 

recombination process only becomes sensible if we examine the lifetime weighted with the 

contribution slow

fast

A

A

 
  
 

 slow

fast

A
i.e., ~ 0.23 at RT

A

 
  
 

. We cannot offer a similar analysis ( nr , and r ) 

for the high-energy peak where the IQE maximizes at 150 K, where our premise for the IQE 

being maximum at 4 K no longer holds. 

3.2.3. Polarization Measurements 

 

A schematic for the experimental setup used to examine the polarization characteristics of the PL 

emission of the GaN QDisks at RT is shown in Figure 6a. Figure 6b shows the representative 

spectra for I  and I⊥ at a polarization angle of o5 =  where 1.02
I

I

⊥ =  , 465.17
TE

TM
=  and P ~ 1 

(nearly pure TE-mode emission). The values of  I  and I⊥ were assessed by integrating the PL 

intensity counts over the wavelength. As the PL spectrum consists of two distinct peaks, one peak 

centered at 260 nm and another peak at 286 nm, for a fair evaluation of each peak, we deconvoluted 

the spectra to understand the polarization characteristics of each peak individually at different 

polarization angles ' ' . Figure 6c,e summarize the TE and TM components for each peak versus 

' '  calculated using eqs 5–9. The ratio of TE to TM and the degree of the polarization ratio (P) 

for each peak are demonstrated in Figure 6d,f. The TE components for each peak predictably 

decrease with increasing ' ' whereas the TM components expectedly increases over the same 
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range; hence, the value of 
TE

TM
 decreases. For 5 =  , 

TE

TM
 = 316.41 and P ~1  (nearly pure TE 

Figure 6.  (a) Schematic of the experimental setup used to split  from . (b): Sample curve 

showing  and for , where  = 1.02 and  = 465.17. Illustration of the polarization-

angle-dependent TE (represented by blue dots) and TM (represented by red dots) modes for (c) 286 

nm peak and (e) 260 nm peak. The ratio  (axis on the left represent by red dots) and degree of 

polarization (axis on the right represented by blue dots) at different polarization angles represented 

in (d) for the 286 nm peak and (f) for the 260 nm peak. 
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mode) for the peak centered at 260 nm, whereas 
TE

TM
= 587.21  and P ~1 for the peak at 286 nm; 

these values are the highest reported values of 
TE

TM
and ‘P’ at present for wavelengths shorter than 

300 nm. Apart from the numerical values, the pattern of the change in 
TE

TM
and “P” with a change 

in ' '  is found to be similar for both peaks. A positive value of “P” signifies a TE-dominant mode: 

it is important to note that the values of ‘P’ are 0.122 and 0.123 for the 260 nm and 286 nm peaks, 

respectively, even at 70 =  . As theoretically stated in the literature, we experimentally verified 

that the TE mode can be significantly enhanced using ultrathin GaN QDisks in the AlN NW matrix 

to realize efficient deep-UV surface emitters. 

4. CONCLUSIONS 

In conclusion, we experimentally quantified TE and TM modes and found that the PL 

emitted by GaN QDisks is highly TE-dominant, as predicted by theoretical studies demonstrating 

IQE as high as 81 % for deep-UV emitters (~260 nm). High quantum confinement in the GaN 

QDisks was demonstrated, showing a blueshift of ~ 100 nm in the PL peak compared to that of 

bulk GaN, which was further confirmed by the bulk plasmon peak energy obtained using EELS. 

The precise monolayer growth based on PA-MBE used to achieve the desired TE-dominant 

vertical deep-UV emission obviates the need for a ternary compound semiconductor, which 

inevitably would lead to inefficient and undesired TM-dominant emission. Thus, the use of GaN 

QDisks embedded in AlN NWs offers a practical pathway towards QDisk-based highly efficient 

deep-UV vertical emitters. 
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