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ARTICLE INFO ABSTRACT
Keywords: In order to improve the light extraction of AlGaN-based short wavelength ultraviolet light
Ultraviolet light emitting diodes emitting diodes (DUC-LEDs), a type of microstructure with high aspect ratio is introduced and

Light extraction efficiency
Polarized component

optimized on the AIN substrate surface. And, particle swarm optimization (PSO) algorithm is used
to inverse design of the surface microstructure to maximize the light extraction efficiency (LEE).

Considering that the propagation characteristics of TM-polarized light are different from that of
TE-polarized light, the optical field distribution and LEE is analyzed for the UVC-LEDs with
different TE-polarized component when the optimized surface microstructure is applied.
Furthermore, the preparation process tolerance of the high aspect ratio structure is discussed by
calculating the LED’s LEE when the structural deviation occurs or morphology changes. Simu-
lation results show that, by using the optimized surface microstructure based on parabola cone
array, the LEDs’ LEE is increased from 4.4% to 8.7% and from 0.4% to 3.7% for TE-polarized and
TM-polarized emission, respectively. In addition, it is demonstrated that the light extraction
improvement by the surface microstructure has a good tolerance to the structural deviation and
morphology. The results are significant for improving light extraction and realizing high efficient
short wavelength AlGaN-based UVC-LEDs by designing surface microstructures.

1. Introduction

Ultraviolet (UV) light has a wide range of applications or potential applications in non-line-of-sight (NLOS) UV-communication,
water purification, UV curing, medical treatment, plant lighting, optical sensing, lithography and other fields [1-6]. Especially the
UVC (200-280 nm) part of the solar spectrum is strongly attenuated in the earth’s atmosphere, which brings about an almost inter-
ference free space atmospheric channel and a no defense mechanism for organisms to high-energy photon exposure. Recently, it is
reported that UVC light below 250 nm are human friendly compared with that above 250 nm [7-11]. Furthermore, the scattering of
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UVC light increases as the wavelength becomes shorter, leading to the performance improvement of NLOS UV communication system
[12]. At present, AlGaN-based light emitting diodes (LEDs) has become the mainstream UVC light source due to its small size, energy
saving, long life, stable performance and environment friendly. Several teams have fabricated AlGaN-based UVC-LEDs with peak
emission wavelength about 220 nm, 233 nm, 247 nm, 250 nm, or even 210 nm [13-17]. However, the external quantum efficiency
(EQE) decreases as the wavelength becomes shorter, and the EQE of UVC-LEDs with 210 nm emitting is only about 10°°[17]. Thus,
AlGaN-based UVC-LEDs suffer from low EQE and light output power (LOP), which becomes more serious as the wavelength becomes
shorter, resulting in the application limit in great degree [18-20].

The low EQE of AlGaN-based UVC-LEDs is mainly contributed from the internal quantum efficiency (IQE) and light extraction
efficiency (LEE). By improving epitaxial growth technology and designing active region structure, UVC-LEDs’ IQE has been effectively
enhanced to more than 80% [21,22]. Moreover, the low EQE is primarily due to the very low LEE for the AlGaN-based UVC-LEDs. It is
revealed that as the Al component in AlGaN quantum wells (QWs) increases, the polarization of the transmitted light switches from the
TE mode to the TM mode [23-27]. The TE-polarized emission can be improved by using compression strain, narrow quantum well
layer, high aluminum mole fraction barrier or MQW structures [28-30]. However, for short wavelength UVC-LEDs, the TM-polarized
component cannot be ignored, which will influence the light propagation and extraction [31]. Furthermore, a large number of UVC
photons radiating to the p-region are absorbed by the p-type GaN and reflected by the substrate due to total reflection [32]. It is
reported that LEE have improved by adding reflective p-electrodes [33], patterning the substrate [34], especially designing the surface
structure [35,36]. However, the deviation in fabrication process is so easily produced for the designed surface microstructure to
improve UVC-LEDs’ LEE. Therefore, the LEE improvement based on surface structure design can be affected when both the
TM-polarized light and fabrication error cannot be ignored for the AlGaN-based UVC-LEDs with a shorter emission wavelength.

In this work, a type of microstructure with high aspect ratio is designed on the AIN substrate surface to improve light extraction for
248 nm AlGaN-based UVC-LEDs with TE-polarized and TM-polarized emission. On this basis, the dependence of the light exaction on
the optimized surface microstructure considering the optical polarization property is further investigated. The optical field distribution
and LEE is analyzed for the UVC-LEDs with different TE-polarized component. The preparation process tolerance of the high aspect
ratio structure is discussed by calculating the LED’s LEE when the structural parameters have fluctuation. In addition, the influence of
the microstructure morphology on the UVC-LED’s LEE result is also explored.

2. Modeling and simulation

In group III nitride semiconductors, the conduction band is a fully symmetric s-orbital, while the valence band is formed by the p-
orbital. The three valence subbands in the non strained system have p-orbital dipole distributions aligned along the x-axis, y-axis, and
z-axis. The p, and p, orbits merge to form heavy hole (HH) and light hole (LH) hole entrainment (waveform |X+Y| shape), with a
symmetrical distribution rotating around the ¢ [0001] axis. The transition from conduction to this HH and LH subband will generate
TE-polarized light in the crystal. The p, orbit forms a crystal-field split off (CH) subband (waveform |Z| shape) along the c-axis di-
rection, to which the transition will produce emission light with TM-polarized. Therefore, according to the thermal occupation of
Fermi Dirac distribution, the optical polarization properties of the LEDs based on III nitride semiconductors are determined by the
valence subband structure including energy-level order. Especially for Al-rich AlGaN-based quantum wells (QWs) used in UVC-LEDs,
the CH subband is close to HH and LH subband, even became the first valence subband, leading to the increase of TM-polarized
component in emission light. Among the influencing factors, quantum well structure, compressive strain, Al composition and other
factors will have a greater impact on the TE-polarized component. Fig. 1 gives the original light field distribution for the emission light
with different TE-polarized component, which is very different and sure to impact the light extraction from AlGaN-based UVC-LEDs.

In order to investigate the influence of the surface microstructure on light extraction for AlGaN-based UVC-LEDs considering
optical polarization characteristic, a 3D-FDTD solutions software is used to calculate the propagation process including refraction,
scattering, reflection and absorption. The selection of AIN material as the substrate for AlGaN-based UVC-LEDs can improve the crystal
quality issues caused by lattice mismatch, which is currently the focus of researchers’ efforts. Therefore, this article chooses the
inverted structure model of AIN substrate [37,38]. Fig. 2(a) shows the schematic diagram of UVC-LEDs with surface microstructure

Complete TM polarization Zero polarization Complete TE polarization

Fig. 1. Schematic diagram of original light field distribution for the emission light with different TE-polarized component.
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based on parabola cone array in the simulation, without regard to the effect of electrode, current diffusion and other factors. Spe-
cifically, the UVC-LEDs model of flip chip includes a 2 pm thick AIN substrate, a 2 pm thick n-AlGaN layer, a 100 nm thick MQW layer,
a 125 nm thick p-AlGaN layer as active region, and a 100 nm thick p-GaN layer. In this work, the parabola cone structure as a surface
microstructure with high aspect ratio is used, which is expected to obtain more light incidence angles to a large extent. For the surface
microstructure based on parabola cone array, let the diameter of the conical bottom be d and the array period be T as shown in Fig. 2
(b). And, the filling factor of the conical pattern is defined as the ratio of diameter to period (d/T) and the height of cone structure is h.
In this study, epitaxial wafers of AlGaN-based UVC-LEDs can be grown on an AIN substrate, including Aly 57Gag 43 N/Alg 74Gag 26N for
248 nm emission [39]. When the compression stress or well width changes, the emission polarization ratio will change.

In simulation, limited by the calculation memory, the lateral dimension of the LEDs’ model is set to 4 pm x 4 pm, which can be
equivalent to large size model by setting the boundary conditions of the four transverse boundaries as metal boundary with 100%
reflectivity [40]. And, the boundary conditions at the bottom and top are set as perfectly matched layers (PML) to fully absorb
electromagnetic energy [41]. The relevant parameters of AlGaN are derived from the linear combination of AIN and GaN components
in Ref. [42]. The absorption coefficients of n-AlGaN, MQW and GaN layers are 17 cm’l, 1700 cm ™! and 300000 cm ! respectively [43,
44]. The refractive index of AIN substrate, AlGaN and GaN layers are set to 2.4, 2.6 and 2.7 respectively [45,46]. The array structure is
on the surface of AIN substrate. The dipole is used as the light source and placed in the middle of the MQW region, with a peak emission
wavelength of 248 nm and a half-width of 10 nm [47]. TE-polarized and TM-polarized emission are defined as electric dipoles
oscillating perpendicular to the c-axis and oscillating parallel to the c-axis, respectively. A power monitor is placed at 50 nm above the
surface microstructure to collect power transmission and record near-field radiation, which can be converted into far-field light dis-
tribution through Fourier transform. The Poynting vector integral of light distribution in each grid cell is the output power. Therefore,
LEDs’ LEE is defined as the ratio of the total extracted power collected from the power monitor to the total optical power emitted by the
dipole source as shown below.

— lfmunimrlze (P (f) )dS
()= sourcepower(f) M

3. Results and discussions

As mentioned above, the TM-polarized component increases as the peak wavelength becomes shorter in the emission light of
AlGaN-based UVC-LEDs. In order to investigate the influence of optical polarization on the light extraction from the LEDs with 248 nm
peak wavelength, the surface microstructure is designed for the TE and TM-polarized emission light, respectively. With the help of
intelligent algorithm, the device inverse design can be completed. It makes data processing, automatic execution simulation,
parameter optimization, drawing and high-performance calculation processes have higher degrees of freedom. In this work, a reverse
design method based on intelligent algorithm and 3D-FDTD simulation is used in the surface microstructure optimization to maximize
the UVC-LEDs’ LEE. And, considering the huge amount of computation caused by the complexity of mesh generation of UV wave and
surface microstructure in 3D-FDTD, the particle swarm optimization (PSO) algorithm with fast convergence speed is selected in this
work, which can find a group of parameter values as the optimal solution through multiple iterations and avoid convergence to the
local optimal [48-51]. In the iterative process of optimized design for a surface microstructure based on parabola cone array, new
particles with parameters h, d and T value are randomly generated repeatedly, and finally the optimal parameters for the maximized
LEE value is obtained. To reduce the complexity of 3D-FDTD simulation and array structure parameters, the particle number N is set to
6. The optimization method has been described in Ref. [52], and the flow chart of the combination of PSO algorithm and FDTD is given.
It is demonstrated that although the PSO algorithm is a random search process and each optimization process is inconsistent, the
variance of the optimization results is less than 2% and the optimization usually stops about 10 iterations in the surface microstructure
design for the AlGaN-based UVC-LEDs.

In order to maximize the light extraction of the UVC-LEDs with 248 nm peak emission wavelength, the optimization process of

MQW 100 nm

Fig. 2. Schematic diagram of the AlGaN-based UVC-LEDs with surface microstructure based on parabola cone array. The diameter of the conical
bottom is d, the array period is T, and the height of the conical structure is h.
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surface microstructure based on parabola cone array is given in Fig. 3 for the TE-polarized and TM-polarized light, respectively. It is
can be seen that by using the optimized surface microstructure, the LEDs’ LEE for TE-polarized emission is increased from 4.4% to 8.7%
as shown by the red solid line with empty circle symbol in Fig. 3. Furthermore, as given in the blue curve and triangle symbol, the LEE
of UVC-LEDs with TM-polarized emission is improved from 0.4% to 3.7% with a significant increase of 820% after optimizing surface
microstructure. After iteration, the final optimization result of TE-polarized emission shows that the conical bottom d is 230 nm, the
array period T is 230 nm, and the structural height h is 3 pm.And the optimization result of TM-polarized emission shows that the
bottom of the conical bottom d is 498 nm, the array period T is 560 nm, and the structural height h is 3 pm. The illustration in Fig. 3 also
shows the adjustment process of each structural parameter value in the optimization, where the scattered points represent the particles
used by each generation of optimal value. In order to intuitively understand the structural parameter optimization process of the
optimal value, a broken line is used to connect the parameter values selected by the optimal result of each generation. It can be seen
from the figure that after 5-6 iterations, LEE obtained the optimal value. Subsequently, 2-3 generations of particles will continue to
search to avoid falling into local optima. Finally, the particles gradually converge near the optimal structural parameters. It is
concluded that the optimization trend of each parameter value changes with the iteration but tends to be stable at an optimal value
after several iterations, from which an obvious advantage on suppressing local optimization is reflected due to the introduction of the
PSO algorithm. As a result, by using the optimized surface microstructure, the LEE can be significantly enhanced for the AlGaN-based
UVC-LEDs with TE-polarized or TM-polarized emission.

For the AlGaN-based UVC-LEDs with different proportion of TE-polarized emission, the LEE is further investigated when different
optimized surface microstructure is applied. As shown in Fig. 4, the red curve with triangle symbol and blue curve with circle symbol
give the LEDs’ LEE varying with the percent of TE-polarized component by using the surface microstructure optimized for TE-polarized
and TM-polarized emission, respectively. On this basis, the surface microstructure for the optimal LEDs’ LEE for different TE-polarized
component can be obtained as shown in the green line with rhombus symbol in Fig. 4. It can be seen that when the TE-polarized
component is higher than TM-polarized component, the LEDs’ LEE using the microstructure optimized for TE-polarized light is
larger than that for TM-polarized light. Therefore, when the proportion of TE-polarized light is less than 21.5%, although the LEE
emitted by TE-polarized is higher, the microstructure of the maximum LEE is the best result of TM-polarized emission due to the
relatively small proportion of TE-polarized light. Therefore, in the design process of surface microstructure for the UVC-LEDs with a
shorter emission wavelength, it is necessary to consider the TM-polarized component in the emission light. That is, the surface
microstructure can be optimized to maximize light extraction when the TE-polarized component is determined, which can be influ-
enced by the factors including Al component in the well layer, the quantum well structure, and strain level for the AlGaN-based UVC-
LEDs.

For comparison, the normalized far-field light distribution of the AlGaN-based UVC-LEDs with and without optimized surface
microstructure is further analyzed and given in Fig. 5 for different TE-polarized component in the emission light. It can be seen that
compared the UVC-LEDs with planar structure, the light output intensity has significantly improvement in all directions when the
optimized surface microstructure is used. Furthermore, after using the optimized surface structure the divergence angle of the light
distribution can be greatly expanded in which the emission light intensity is half of the maximum value. It is also demonstrated that the
light extraction angle range greatly depends on the TE-polarized component of emission light from the UVC-LEDs with planar
structure, which is from 30 to 60° to 0-50° for the full TM-polarized and full TE-polarized emission light as shown in Fig. 5(a).
Moreover, for the UVC-LEDs with the optimized surface microstructure, the divergence angle is stable at about 70° with the increase of
the TE-polarized component as shown in Fig. 5(b). As a result, by using the optimized surface microstructure, the extraction angle
range for TE-polarized emission light is expanded from 0 to 50° to 0-70°, which is expanded from 30 to 60° to 0-70° for the TM-
polarized emission light. The reason is that the light propagation path can be adjusted through the designed microstructure with
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high aspect ratio and the escape cone can be enlarged. This is beneficial to the enhancement of light extraction, leading to the
improvement of the LEE and EQE by using the optimized surface microstructure for the AlGaN-based UVC-LEDs.

The designed surface microstructure for light extraction improvement of AlGaN-based UVC-LEDs can be fabricated by electron
beam lithography (EBL), focused ion beam (FIB) lithography, nanoimprint lithography (NIL) and other technologies. However, during
the manufacturing process, there is always some microstructure deviations, including scale reduction, pattern position offset and
insufficient etching depth due to the influences of various factors, such as projection lens and photomask [53,54]. In order to
investigate the effect of the deviations on light extraction, the LEE was further analyzed for the UVC-LEDs with different micro-
structures deviation and given in Fig. 6, which is characterized by scanning of single structural parameters with cycle width d, height h
and duty cycle dr. It can be seen from Fig. 6 that UVC-LEDs’ LEE shows a slow downward trend when the parameter value of surface
microstructure is close to the optimal value point. For example, when the structure width parameter smaller 10% than the optimal
value, the UVC-LEDs’ LEE for TE-polarized emission only decreases by 4.4%. And, there is less LEE decrease originated from other
structural deviation. Therefore, the minor deviation of single structural parameter derived from fabrication process has little influence
on the light extraction for the AlGaN-based UVC-LEDs with optimized surface microstructure.

Moreover, the above-mentioned deviations about scale reduction, insufficient etching depth and pattern position offset may also
occur at the same time in the optimized surface microstructure for AlGaN-based UVC-LEDs. The disorder is quantified by calculating
the standard deviation of the parameter values between the four nearest neighbors of each microstructure in the supercell, and then
normalizing them by the parameter values of the perfectly ordered array [55,56]. As shown in Fig. 7(a), the radius decrease of
microstructure bottom is expressed as deviation A related to scale reduction, deviation B correlated with insufficient etching depth is
the reduction of structure height, the movement of microstructure position represented as deviation C, and deviation D randomly
includes the two of above three types of deviations. For the deviation D including different combination of microstructure deviation,
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UVC-LEDs’ LEE varying with the degree of microstructure disorder is calculated and shown in Fig. 7(b). It can be seen that when the
degree of disorder is less than 10%, LEE usually decreases by less than 10%, whether the surface microstructure is optimized for
TE-polarized emission or for TM-polarized emission. Furthermore, the LEE decrease due to the disorder for the UVC-LEDs with
TM-polarized emission is lower than that with TE-polarized emission. Therefore, for the UVC-LEDs using a designed surface micro-
structure with high aspect ratio, the small amplitude disorder has little effect on light extraction. As a result, the LEE improvement of
AlGaN-based UVC-LEDs has a high tolerance for the manufacturing process of the optimized surface microstructure.

In addition to the changes of structural parameters caused by factors such as photolithography projection, it is difficult to control
the photolithography morphology for the optimized surface microstructure with high aspect ratio. In order to characterize the in-
fluence of structural morphology on the light extraction, the LEE of AlGaN-based UVC-LEDs having optimized truncated-pyramid
structure and truncated-cone structure is also analyzed, which structure diagram is shown in Fig. 8(a) comparing with that having
parabola cone structure under the same structural parameter constraints®®. Using the different surface microstructures, the corre-
sponding UVC-LEDs’ LEE results for TE-polarized and TM-polarized emission are shown in Fig. 8(b). It is revealed that the LEE of UVC-
LEDs with TE-polarized emission is increased to 8.6% and 8.4% for truncated-pyramid and truncated-cone microstructure, respec-
tively, which both has a similar increase with that for parabola cone microstructure. And, the enhancement of UVC-LEDs’ LEE is close
to each other for TM-polarized emission when the three different optimized surface microstructures are applied. That is, although the
surface structure morphology are very different, the light extraction of UVC-LEDs can be significantly improved by using the optimized
surface microstructure with high aspect ratio. Therefore, there is little influence from surface microstructure morphology on the light
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extraction improvement for the AlGaN-based UVC-LEDs.
4. Conclusion

In summary, the influence of optimized surface microstructure on light extraction improvement of AlGaN-based UVC-LEDs
considering optical polarization property is investigated in this work. The results showed that after using the optimized surface
microstructure with high aspect ratio, the UVC-LEDs’ LEE of TE-polarized and TM-polarized light can be increased by about one time
and 8 times, respectively. In addition, the influence of TM polarization emission on the surface microstructure design of AlGaN based
UVC LEDs was discussed. On this basis, the preparation process tolerance of the surface microstructure is discussed by calculating the
UVC-LED’s LEE when the structural deviation occurs or morphology changes. It is demonstrated that when the structural deviation is
less than 10%, the UVC-LEDs’ LEE usually decreases by less than 10% for both TE-polarized and TM-polarized emission. Furthermore,
the LEE enhancement is close to each other for the UVC-LEDs with different optimized surface microstructures. That is, there is little
influence from structural deviation or morphology on the light extraction improvement, which is significant to realizing high efficient
short wavelength AlGaN-based UVC-LEDs by designing surface microstructures.
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