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ABSTRACT
Heavy reliance on extensively studied AlGaN based light emitting diodes (LEDs) to replace environmentally hazardous
mercury based ultraviolet (UV) lamps is inevitable. However, external quantum efficiency (EQE) for AlGaN based deep
UV emitters remains poor. Dislocation induced nonradiative recombination centers and poor electron-hole wavefunction
overlap due to the large polarization field induced quantum confined stark effect (QCSE) in “Al” rich AlGaN are some of
the key factors responsible for poor EQE. In addition, the transverse electric polarized light is extremely suppressed in
“Al”-rich AlGaN quantum wells (QWs) because of the undesired crossing over among the light hole (LH), heavy hole
(HH) and crystal-field split-off (SH) states. Here, optical and structural integrities of dislocation-free ultrathin GaN
quantum disk (QDisk) (~ 1.2 nm) embedded in AlN barrier (~ 3 nm) grown employing plasma-assisted molecular beam
epitaxy (PAMBE) are investigated considering it as a novel nanostructure to realize highly efficient TE polarized deep UV
emitters. The structural and chemical integrities of thus grown QDisks are investigated by high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM). We, particularly, emphasize the polarization dependent
photoluminescence (PL) study of the GaN Disks to accomplish almost purely TE polarized UV (~ 260 nm) light. In
addition, we observed significantly high internal quantum efficiency (IQE) of ~ 80 %, which is attributed to the enhanced
overlap of the electron-hole wavefunction in extremely quantum confined ultrathin GaN QDisks, thereby presenting GaN
QDisks embedded in AlN nanowires as a practical pathway towards the efficient deep UV emitters.
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1. INTRODUCTION
In contrast to the conventional ultraviolet (UV) sources (mercury lamps), UV LEDs are compact, robust,
environmentally friendly, exhibit long lifetimes, and well suited to various applications such as water/air purification,
sterilization, medical treatment, memory devices, fluorescence-based biochemical sensing, military/defense purposes, and
non-line-of-sight (NLOS) optical communication.1–7 Particularly, with the invention of the gallium nitride (GaN) based
blue light emitting diodes (LEDs),8–10 lighting (indoor and outdoor) has shift its paradigm towards cleaner, sustainable,
energy efficient and cost-effective source considering our dependency on nonrenewable fossil fuels and the environmental
degradation form the usage of fossil fuels. Binary, ternary and quaternary combination of III-nitride material (In-Al-GaN) system covers a wide range of electromagnetic spectrum from deep ultraviolet (UV) to infrared (IR) spectrum. 11 Despite
the vital breakthrough in the GaN material technology and transformation in the area of illumination, deep UV regime is

still at its infancy. Alloying AlN with GaN, Al-Ga-N based LEDs can be tuned to cover the spectral range (210 – 400 nm)
changing the composition of Al. Despite the tunable nature of AlGaN, the excessive strain accumulation associated with
increased alloying of Al in AlGaN12 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.13. For the ternary compound bulk AlxGa1-xN
( x  0.25:  315nm) , the TE mode is severely suppressed by the TM mode, which is not favorable for vertical surface
emitters. 14,15 The cut-off value of “x” for crossing over from TE to TM mode in AlxGa1-xN also depends on the growth
conditions and strain i.e. when AlxGa1-xN is strained to AlN barriers, valance band crossover takes place for x > 0.57.16
Hence, the likelihood of achieving highly efficient AlGaN-based deep-UV surface emitters is severely compromised if we
simply employ an Al-rich AlGaN composition. While the exploration of a new material system is one of the possible ways
to obtain highly efficient deep-UV devices,17–20 developing a new material system and translating the system to an
industrial application is non-trivial. Thus, employing novel nanostructures and nanofabrication techniques in an already
well-developed technology is more likely to receive industrial adoption to accomplish highly efficient deep-UV emitters.
Continuing along this path of using novel nanostructures, short superlattices (SLs) structures of AlN and GaN have been
employed to realize TE dominant deep UV emitters, which have been summarized in Table 1. However, the experimental
research regarding the investigation of optical polarization properties of such nanostructures in UV-C regime is still in the
early state and hence further study in this regard is essential.

Table 1: Summary on the mid-deep UV emission using GaN/ AlN SLs structures

(Material), Structure

Emission
Wavelength (nm)

TE – TM

Method

References

Quantification

(GaN/ AlN), SLs

244

N/A

DFT calculation

Cui et al.21

(AlN/ GaN), SLs

224

N/A

First principle

Kamiya et al.22

(AlN/GaN), SLs
based LED

276 – 237

N/A

Electrically
pumped

Taniyansu et al.23

GaN/ AlN, SLs

224 – 255

N/A

Theoretical and
experimental

Bayerl et al.24

(Al/GaN), SLs

236 – 312

N/A

Numerical
analysis

Sun et al.25

(AlN/GaN),
microdisk laser

275

N/A

Optically
pumped

Selles et al.26

(AlN/GaN), QWs

249

TE dominant
emission

Optically
pumped

Shan et al.27

(GaN/AlN), delta

219

N/A

Optically
pumped

Islam et al.28

(GaN/AlN), QWs

230 – 270

N/A

E‐beam pumped

Wang et al.29

(GaN/AlN), delta

298

TE:TM ~ 15

Electrically
pumped

Liu et al.30

(GaN/AlN), QDisks

250

N/A

Electrically
pumped

Sarwar et al.31

(GaN/ AlN), QDisks

260

TE: TM ~ 361

Subedi et al.32

286

TE:TM ~ 587

Optically
pumped

Most of the above listed research reports are based on planar structures and have not addressed the quantification of
TE and TM modes except for few of the reports. 27,30,32 Planar device structures are not the most efficient nanostructures to
unleash the full potential of the quantum confinement. Moreover, native substrates are very expensive, and growing 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 low external quantum efficiency.5,33 In contrast
to the planar counterparts, nanowires (NWs) offer an excellent platform for the growth of the dislocation-free group III-N
semiconducting materials on commercial scalable substrates.34–37
In this article, we report the growth of GaN QDisks embedded in the AlN NWs matrix using plasma-assisted
molecular beam epitaxy (PA-MBE). We focus on the use of the ultrathin GaN QDisks without relying on the tuning of the
conventional ternary AlGaN compound semiconductor for deep-UV emission. Additionally, we present a detailed
structural characterization of GaN QDisks in AlN NWs followed by a thorough optical characterizations, i.e., temperaturedependent PL (TDPL), time-resolved PL (TRPL), and optical polarization measurements. More importantly, we quantify
the TE and TM modes experimentally to realize TE-dominant PL emission in ultrathin GaN QDisks for efficient UVC
emitters.

2. EXPERIMENTAL METHODS
GaN QDisks embedded in the AlN NWs matrix were grown on a 3-inch Si-substrate using a VEECO GEN 930
PAMBE system. Three samples that contains QDisks with different thicknesses were grown to elucidate the effect of
quantum confinement: (a) Bulk (~ 20 nm) GaN, (b) 5-fold GaN QDisks, each with a thickness of ~ 3 nm separated by an
AlN barrier of ~ 3 nm, and (c) 10-fold GaN QDisks, each with a thickness of ~ 1.2 nm separated by an AlN barrier of ~ 3
nm. Native oxide desorption in the MBE chamber is performed at 850 °C. GaN and seed layer was grown at 680 °C
followed by the axial growth of the AlN barrier. The temperature was then 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. The detailed NW growth mechanism
employing PA-MBE has been reported elsewhere.38,39

Time resolved PL (TRPL), measurements were carried out using the third harmonic line (250 nm) of a 750 nm ultrafast
(150 fs) Ti:Sapphire laser (Coherent, Germany) converted by HarmoniXX THG unit (APE, Germany) as the laser
excitation source. Pulse repetition rate of 2 MHz was obtained by a pulse picker unit (APE, Germany) where the laser spot
diameter was kept at ~ 100 m. The TDPL measurements were performed in the temperature window from 10 K to 290
K using a closed-cycle cryostat. Emission from the sample was detected using a SpectraPro 2300 spectrograph (using a
grating with 150-gr/mm groove density) attached to a Hamamatsu C6860 streak camera with a temporal resolution of ~20
ps. The integration time was kept to 100 ms for 500 integrations. TRPL decay transients were fitted using a double
exponential decay (equation 1):
𝑌 = 𝑌𝑜 + 𝐴𝑓𝑎𝑠𝑡 𝑒 −𝑡/𝑡𝑓𝑎𝑠𝑡 + 𝐴𝑠𝑙𝑜𝑤 𝑒 −𝑡/𝑡𝑠𝑙𝑜𝑤

(1)

where Yo represents background signal, tfast is the fast decay time, tslow the slow decay time, and Afast and Aslow, the
weightings of the fast and slow components respectively. The average decay time is calculated using equation 2.40
𝜏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =

2
2
𝐴𝑓𝑎𝑠𝑡 𝑡𝑓𝑎𝑠𝑡
+𝐴𝑠𝑙𝑜𝑤 𝑡𝑠𝑙𝑜𝑤

𝐴𝑓𝑎𝑠𝑡 𝑡𝑓𝑎𝑠𝑡 +𝐴𝑠𝑙𝑜𝑤 𝑡𝑠𝑙𝑜𝑤

(2)

TDPL 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.

3. RESULTS AND DISCUSSIONS
3.1 TE and TM modes in III-nitride semiconductors
The valence band in group-III-Nitride compounds consists of degenerate states, namely, heavy-hole (HH), light-hole
(LH), and crystal-field split-off (SH) states41. Prior studies showed that the arrangment of these energy states in the valence
band of GaN, AlGaN, and AlN are noticeably different.41 Carriers in HH bands have different angular momentum
projections than those in LH bands in group III-Nitride semiconductors, which is crucial in defining the modes of carrier
recombination, i.e., transverse electric (TE) and transverse magnetic (TM) modes when.41–43 Figure 1(a) and figure 1(b)
show the energy band structure of GaN and AlN respectively. These schematics show the transformation of the TE

Figure 1. Energy band structure of (a) GaN, and (b) AlN near the -valley where the
horizontal and vertical represent the wave vector and band energy respectively. (Note the
diagrams are not drawn to scale)

dominant mode to TM-dominant mode upon alloying excessive “Al” in AlxGa1-xN. The TE mode is suppressed when x >
0.25 (λ < 315 nm) for bulk AlxGa1-xN;44 however, more Al can be alloyed when AlxGa1-xN quantum wells (QWs) are
strained to AlN barriers, i.e. valance band crossover takes place for x > 0.57. This shows the viability of TE-dominant UV
emitters for AlxGa1-xN (x < 0.57).45 Nonetheless, the realization of TE-dominant deep UV emitters simply relying on
“Al”-rich (x > 0.57) of AlxGa1-xN is jeopardized.

3.2 Structural Characterization Results
Figure 2(a) is the schematic illustration of GaN QDisks embedded in the AlN NWs. The top view and side view of
the AlN NWs using SEM is shown in figures 2(b) and 2 (c). It displays the NWs are dense and grown largely vertically
on Si-substrate. The STEM images of 3 different samples: bulk GaN, 5-folds GaN/AlN , and 10-folds GaN/AlN are shown
in figure 2(d), figure 2(e), and figure 2(f) respectively, where the AlN (GaN) are represented by dark part (bright part)
respectively. The active region in all three NWs samples was expected to be 30 nm; however, the actual thickness of the

Figure 2 Schematic and images of GaN QDisks of various thicknesses confined in an AlN matrix in freely standing NWs
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bulk GaN is found to be ~ 20 nm, using STEM. The discrepancy observed in the thickness of bulk GaN could be the effect
of unforeseen temperature fluctuations during the NWs growth in the PAMBE growth chamber. For the other two samples
( 5-folds GaN/AlN and 10-folds GaN/AlN), the actual thickness of the active region turns out to be ~ 30 nm, as expected.
The average thickness of each GaN QDisks in 5-folds GaN/AlN and 10-folds GaN/AlN obtained from the STEM images
are estimated to be 3.5 nm and 1.2 nm respectively. The curvature observed in the GaN QDisks shows that the GaN QDisks
embedded in AlN NWs not only grow on the c-plane (polar) but also along the semipolar axis. The details regarding the
growth of GaN QDisks on various planes and the strain evolution on these QDisks has been reported earlier.32

3.3 Optical Characterization Results
After investigating the structural integrities using SEM and STEM, we aim to explore the optical properties of these
samples. Figure 3 (a) shows the schematic diagram of the three samples under investigation. The normalized PL spectra
of these samples measured at room temperature (RT) is shown in figure 3 (b). The blue shift observed in 5-folds GaN/AlN
(310 nm), and 10-folds GaN/AlN (260 nm) compared to the emission observed in bulk GaN (360 nm) confirms the strong
size dependent quantum confinement. The multi-peak emission observed in 10-folds GaN/AlN QDisks is attributed to the
variable thickness of the QDisks grown on the different crystal planes; however it can be the effect various phenomena
like crystal facet dependent emission, two-state energy transition, 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.31 Since our aim is to realize efficient deep UV emission using GaN/AlN multiple QDisks structures, the further
optical characterization is focused on the 10-folds GaN/AlN QDisks sample.

Figure 3. (a) Schematic of the GaN QDisks of various thicknesses (decreasing thickness of GaN QDisks as we go
from top to bottom) confined in an AlN matrix in freely standing NWs grown on a Si-substrate, (b) Plot of
normalized PL spectra of the 3 different samples measured at RT: Bulk GaN ( blue), 5-folds GaN/AlN QDisks
(Violet), 10-folds GaN/AlN QDisks (Pink) demonstrating the size dependent quantum confinement.

Subsequently after RT PL measurements , temperature dependent steady-state and time resolved measurements
were carried out. The laser excitation power density of 1 Wcm-2 was chosen for the TDPL measurements and the TDPL
spectra for 10-folds GaN/AlN QDisks sample is shown in figure 4(a). Interestingly, the quenching behavior of PL intensity
for 2 peaks: high energy peak (260 nm) and low energy peak (290 nm) is found to be different. Generally, PL intensity
quenches with increasing temperature, which is the case for the 290-nm-peak. However, the change in the PL intensity of
the 260-nm-peak with respect to the changing temperature is not as significant as in 290-nm-peak and the PL intensity in

this case maximizes at 180 K unlike 290-nm-peak. This anomalous behavior of TDPL in 260-nm peak is due to the
separation of holes in the LH and HH bands because light holes are assumed to be trapped in the AlN barrier at low
temperature. As the temperature is slightly increased the holes get thermally activated to overcome the barrier in
contributing the radiative recombination.31 When temperature is sufficiently increased (> 180 K), PL intensity is quenched
because of the regular thermalization. Figure 4(b),(i) and (ii) are the normalized IPL plots plotted against the inverse
temperature in order to estimate the IQE. In an ideal condition, all of the nonradiative recombination are considered to be
frozen at 4 K, i.e., IQE∼1 at 4K.31 However, it is not always guaranteed that the IQE would maximize at the lowest
temperature. Nevertheless, IPL is normalized with the highest value of the IPL among all the temperatures in order to
estimate the IQE. Based on the above assumption, we estimate the IQE for 290-nm-peak and 260-nm-peak to be 76% and
80 % respectively.

Figure 4. (a) TDPL spectra measured at different temperatures (4 K through RT), with the inset showing the zoomed
section of the high-energy peak (260 nm). The temperature dependent peak shifts observed in the TDPL spectra are
observed to ∼ 30 meV and ~ 60 meV for 260 nm and 290 nm , respectively. (b) The Normalized IPL versus the
inverse temperature for (i) 290 nm, and (ii) 260 nm.

To compliment the steady state PL measurement, we also performed temperature dependent TRPL measurements.
Figure 5(a) and figure 5(b) show the decay transients of 290-nm-peak and 260-nm-peak respectively, fitted with a second
order exponential decay equation. Two key parameters after the fit are the decay times: (i) fast decay time (tfast) and (ii)
slow decay time (tslow). Commonly, tfast is associated with fast thermal phenomena such as the cooling of hot carriers,
photon−phonon interactions, and Coulombic interactions, which result in nonradiative recombination.46 On the other hand,
tslow is taken as the total PL decay time. With the parameters tfast, tslow, Aslow, and Afast, average decay time (avg) was
calculated for each peak and plotted in figure 5(c) and figure 5 (d) for 290-nm-peak and 260-nm-peak respectively for

various temperatures. The fluctuation of avg over the temperature range of (4 K – RT) for 290-nm-peak is greater than
that of 260-nm-peak, which can be correlated to the fluctuation of PL intensity in the same temperature range as discussed
earlier. (see Figure 4)

Figure 5. Sample decay transients at RT fitted using a double exponential decay for (a) 290 nm (b) 260 nm, (c)
Temperature dependent average decay time for (c) 290 nm, (d) 260 nm calculated using the parameters derived
from the double exponential decay fit, using equation (2)

Our final and one of the key measurements in our experiment is the investigation of the optical polarization
property of GaN Qdisks. The optical polarization setup we used to examine polarization dependent measurements of PL
emission of the ultrathin GaN QDisks is shown in figure 6(a). The PL emission splits into I (electric field parallel to the

I⊥ (electric field perpendicular to the c-axis) as it passes through the Glan-Taylor (G-T) polarizer. We obtain
I and I⊥ components for different polarization angles ( 5    60 ) as the G-T polarizer rotates about the

c-axis) and
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 equations (3-7).30,32,47,48

I = ITE x

(3)

I ⊥ = ITE y cos2  + ITM sin 2 

(4)

TETotal = ITE y cos 2  + ITE x

(5)

TM Total = ITM sin 2 

(6)

P=

(7)

TE - TM
TE + TM

Figure 6. (a) Schematic of the experimental setup used for the optical polarization measurements, (b)
Sample curve of
(red line) and
(black) at
showing the TE/TM to be 458.25. The illustration
of the ratio of TE to TM (TE/TM) and degree of polarization (P) (c) 290 nm, (d) 260 nm.

where

ITM

is the intensity of the TM mode and

ITEx

and

I TEy 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

I TEy are identical.49

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. Figure 6(b) illustrates the I ⊥ and I measured at RT at  = 5 , where the
ratio of TE to TM is found to be 458.25. Since the PL spectra consist of two peaks, it will be only fair to deconvolute each

spectrum at all the angles into two peaks and evaluate the polarization property of each peak separately. After
deconvoluting each peak at different angles, the ratio of TE to TM (TE/TM), and the degree of polarization (P) were
evaluated using equations (3-7). Figures 6(c) and 6(d) summarize “TE/TM”, and “P” for low-energy peak (290 nm) and
high-energy peak (260 nm) respectively. The pattern with which “TE/TM” and “P” change with respect to the polarization
angle for the two peaks is similar even though the numerical values slightly differ. The numerical value of the “TE/TM”
are different for each peak even though the value maximizes for both the cases at  = 5 . A positive value of P” indicates
a TE-dominant mode:32 it is important to note that the values of “P” are 0.116 and 0.117 for the 260 and286 nm peaks,
respectively, even at θ=60°. As theoretically stated in the literatures, we experimentally confirmed the enhancement of the
TE mode using ultrathin GaN QDisks in the AlN NWs matrix to realize efficient deep-UV surface emitters.

4. CONCLUSION
In conclusion, the growth, structural and optical characteristics of plasma-assisted MBE grown GaN QDisks
embedded in AlN NWs were examined. Size dependent high quantum confinement of the charge carriers has been
demonstrated through three different GaN QDisks samples with varying thicknesses. Temperature dependent steady-state
and time resolved PL were studied to understand the internal quantum efficiency and the carrier dynamics. More
importantly, angle dependent polarization dependent PL measurements were performed to realize highly efficient
transverse-electric-dominant UV-C emission, thereby demonstrating the use of ultrathin GaN QDisks embedded in AlN
NWs matrix can offer an excellent platform towards achieving highly efficient UV-C emitters.
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