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Abstract In this paper, based on the excellent light
trapping performance of the nanostructure, the structure
of the electron emission layer of the ultraviolet detector
is optimized. In this paper, simulation models of gallium
nitride (GaN) nanohole arrays and nanorod arrays are
designed by COMSOL Multiphysics software, which is
based on the finite element method (FEM). In order to
optimize the geometric parameters of GaN nanohole
and nanorod arrays, and understand the influence of
polarized light on them, the light absorption perfor-
mance in the ultraviolet (UV) band has been fully ana-
lyzed. We found that when the lattice constant ranges
from 200 to 500 nm, the GaN nanohole array and the
GaN nanorod array have extreme absorptivity. And
when the incident light has an inclination of 20°, the
light trapping performance of the nanohole array can be
further improved. GaN nanostructures with high light
trapping capabilities will help improve the photoelectric
emission efficiency of GaN photocathode and provide
design reference for UV detectors with excellent
performance.
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Introduction

In the solar radiant energy, the ultraviolet band accounts
for about 7%, and the ozone layer has a strong absorp-
tion effect on the light in the 200400 nm band. Ultra-
violet detectors operating in the ultraviolet range have
been greatly used in the context of detection. The image
intensifier is a vacuum-type GaN ultraviolet detector
and focuses on weak UV signal detection and imaging
systems; it has the advantages of fast response, stable
performance, low noise, and high gain.

In recent years, there are many studies about the
optical properties of various of nanostructures, such as
nanowire (Garnett and Yang 2008, Garnett and Yang
2010, Cao et al. 2010, Fang et al. 2014, Li et al. 2015,
Wu et al. 2017, Xu et al. 2017, Wang et al., 2017a, b),
nanocone (Xu et al. 2016), nano-hemisphere (Kang and
Fang 2014), truncated nanocone (Kim et al. 2018),
pyramid (Tan et al. 2017), motheye (Makableh et al.
2018), nanohole (Han and Chen 2010, Peng et al. 2010,
Adib et al. 2012, Fang et al. 2014, Chen et al. 2014,
Hong et al. 2014, Wang et al. 2016, Wang et al. 2017a,
2017b, Deng et al. 2018, Fu et al. 2018), and nano-cone-
hole (Du et al. 2011). The main materials of those
nanostructures are silicon, silicon nitride, silicon car-
bide, gallium arsenide, or gallium nitride. GaN has a
low electron affinity and stable physical and chemical
properties, so it is widely used as a photocathode mate-
rial (Chung and Gershenzon 1992, Yoshida et al. 2001,
Look et al. 2002, Fu et al. 2010, Cheng et al. 2015). In
previous studies, nanostructures have been found to
have superior optical properties compared with thin film
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structures, such as antireflection and enhanced light
absorption. The work of Hao Lin et al. shows that the
optical properties of nanostructures are mainly affected
by geometric factors such as structural spacing, material
filling ratio, and aspect ratio (Lin et al. 2014). Studies in
Fang X et al. have shown that incident light with a range
of angles enables nanostructures to achieve higher ab-
sorption performance (Fang et al. 2014). Therefore, in
the work of this paper, GaN is the nanostructured mate-
rial. We used COMSOL Multiphysics Business Pack-
age to simulate the different diameters and lattice con-
stants of nanohole arrays and nanorod arrays. We stud-
ied the absorption differences of the two nanostructures
under the same parameters; then, we changed the angle
of incident light to study the effect of different polarized
light on the absorption performance of nanostructures.
This study provides a possible way to improve the
photoelectric performance of the vacuum type UV
detector.

Models and method

In this paper, COMSOL Multiphysics software is used
to calculate the optical performance of nanostructures.
The schematic diagram of structure of nanohole arrays
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and nanorod arrays is shown in Fig. 1a and b. A cube
region is used as the simulation region of the nanostruc-
ture arrays. The simulation regions of nanohole arrays
and nanorod arrays are shown in Fig. 1¢ and d, respec-
tively. To reduce the workload and complexity of cal-
culation, the simulation region is set as a repeating
simulation unit by defined “periodic boundary condi-
tions.” Nanostructure arrays can be achieved by setting
the two opposite sides of the cube to the periodic bound-
ary condition. In order to simulate the propagation of
incident light in the simulation region in a real scene,
perfect matching layer (PML) with thickness of 200 nm
is defined at the top and bottom of the simulation region.
By using the PMLs, it is possible to eliminate unwanted
reflections in the simulation region and interference
caused by reflected light. The S parameter is used to
calculate the reflection and transmission of the simula-
tion model, which is obtained by setting the two bound-
aries immediately adjacent to the PMLs as “port.” Ab-
sorption is calculated by Eq. (1):

AN = 1-R()-T(N) (1)

where A()) is the absorption of the simulation models,
R(}) is the reflection calculated by port S1, and 7()\) is
the reflection calculated by port S2. The polarized light
is implemented by setting interior port as transverse
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Fig.1 Schematic diagram of a GaN nanohole arrays and b GaN nanorod arrays. Simulation region structure of ¢ nanohole and d nanorod in
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electric or magnetic wave (TM/ TE) field source and
setting the port as a “periodic port.” Vacuum regions
with a thickness of 200 nm are also disposed above and
below the nanostructures. We defined the nanohole
arrays and nanorod arrays with a thin film structure of
thickness #;; the structure of nanoholes and nanorods
with a thickness of , is constructed on the basis of thin
film, where ¢, is 400 nm, #, is 100 nm, D is the diameter
of nanohole and nanorod, and P is the lattice constant of
the nanostructures. As shown in Fig. 1e, which is sche-
matic diagram of meshing, the PMLs are set to “sweep”
and the rest of the simulation region is set to the “freely
split tetrahedral mesh.” For this physics interface, the
maximum grid cell size is preferably less than 1/8 of the
wavelength. The incident light wavelength range of this
simulation model is 200 to 400 nm, so the maximum
cell size is 50 nm and the minimum cell size is 2 nm. All
simulation models use the same grid cell size to main-
tain computational rigor. The refractive index and ex-
tinction coefficient used in the model in this paper are
from the literature (Antoine-Vincent et al. 2003).

Results and discussion

Figure 2 shows the relationship between the average
absorptivity and lattice constant and D/P of nanohole
arrays and nanorod arrays. The simulation calculation is
performed under the TM field source. The lattice con-
stant varies from 200 to 500 nm, the interval is 50 nm,
and the D/P is from 0.1 to 0.9. In the nanohole arrays, it
can achieve absorptivity of 0.93 when it is in the range
of 0.7 to 0.9, while in the nanorod arrays 0.93 can be
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obtained in the range of D/P of 0.5 to 0.7. For the
nanohole array, the lattice constant for obtaining the
optimal absorptivity value of 0.9519 is 300 nm, and
the D/P is 0.8. The parameter for the nanorod array to
obtain the optimal absorptivity of 0.954 is P =400 nm,
D/P=0.7. The results show that the average absorptiv-
ity of GaN nanorod array is only 0.0021 higher than that
of GaN nanohole array. Therefore, in order to study the
different effects of the lattice constant on the light trap-
ping performance of the nanohole array and the nanorod
array. The following is comparative analysis of the
difference in absorptivity spectra between nanohole
and nanorod arrays at D/P=0.7, where nanorod array
can obtain extreme value of the average absorptivity.

The effect of lattice constants

Figure 3a shows the absorptivity spectra of nanohole
array with fixed D/P of 0.7 and different lattice con-
stants. It is clear that the increase of the lattice constant
causes the absorptivity peak when P is in the range of
200 to 400 nm move to long-wave region. But when P is
in the range of 400—500 nm, the peak of the absorptivity
is concentrated around the wavelength of 360 nm. Sim-
ilarly, in the process of expanding the lattice constant,
the region of reduced absorptivity also expands to the
long-wave region, which results in an extreme value of
average absorptivity at P =350 nm as shown in Fig. 2a.
Explained from the perspective of wave optics, when
the wavelength of light matches the lattice constant of
the nanohole array, the incident light is more effectively
scattered around the nanopore structure, prolonging the
optical path and enhancing light absorption. As shown
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Fig. 2 Average absorptivity with lattice constant and D/P changed of a nanohole arrays b nanorod arrays
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Fig. 3 Absorptivity spectrum with a fixed D/P at 0.7 and different lattice constants of a nanohole arrays and b nanorod arrays. ¢ Reflectivity
spectrum of nanohole and nanorod arrays

in Fig. 3c, the reflection of the nanostructure in the
short-wave region with P of 200 to 400 nm is sup-
pressed, and in the long-wave region, when P is 400 to
500 nm, the reflection of the nanostructure is sup-
pressed. Finally, the enhancement of light trapping ca-
pacity of the GaN nanohole array can be attributed to the
suppression of reflection. Figure 3b shows the absorp-
tivity spectra of nanorod arrays with fixed D/P of 0.7
and different P; the increase of the lattice constant
causes the absorption peak move to the long-wave re-
gion when P is in the range of 200-500 nm. There are
two absorptivity peaks when P is in the range of 200 to
300 nm. The absorptivity peak of the short-wave region
moves toward the long-wave region under the influence
of the increase of the lattice constant, much like the
variation of the nanohole array. However, the absorp-
tivity peak of the short-wave region of the nanorod array
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is gradually increasing while moving. The absorption
peak of the long-wave region of the nanorod array did
not change under the influence of the increase of the
lattice constant. When the lattice constant increased to
500 nm, the original absorption peak of the long-wave
region is replaced by a gradually increasing new absorp-
tion peak, which is moved from the short-wavelength
region. As such, the enhancement of nanorod array
absorption can be attributed to inhibition of reflection.
Comparing Fig. 3a and b, it can be seen that in the long-
wave region, when P is larger than 400 nm, both struc-
tures can obtain high light trapping ability.

The effect of diameter

In order to analyze the effect of the diameter on the light
trapping performance of the nanohole array and the
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nanorod array, the lattice constant is fixed at 300 nm,
and the average absorptivity extreme value of the
nanohole array can be obtained when D/P = 0.8. There-
fore, to highlight the difference between the two, the
absorptivity spectra of D/P = 0.6 and 0.8 are selected for
analysis, which are shown in Fig. 4a on the premise that
the lattice constant is fixed at 300 nm. The red lines are
absorptivity spectrum with D/P of 0.6, and the absorp-
tivity of the nanorod arrays is over that of nanohole
arrays. The reason can be found in Fig. 4b and c. The
transmission difference between the two nanostructures
is negligible, but the reflectivity of the nanohole is
significantly harmful. Shown in Fig. 4d is schematic of
the structure of horizontal sections of nanostructures.
When D/P is 0.6, the nanohole structure on the horizon-
tal section has a wider area covered by GaN, so that the
top side of the nanohole array is closer to the thin film
structure. Conversely, in a horizontal cross section, the
arrangement of GaN nanorod structures is sparser, so
that normal incident light is not easily reflected. In Fig.
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4a, the blue lines indicate the absorptivity spectrum with
D/P of 0.8, and the absorptivity of the nanohole array is
higher than that of the nanorod array, because the re-
flectivity of the nanohole array is suppressed. As seen in
the schematic diagram of the structure in Fig. 4d, the
diameter of nanorod becomes larger so that the nanorod
array becomes dense, resulting in an increase in reflec-
tivity. Conversely, the diameter of nanohole becomes
larger so that incident light is more likely to sink into the
structure of the nanohole, thus enhancing absorptivity.
Figure 5 shows the electric field distribution sche-
matic of the nanohole array and the nanorod array at the
wavelength of 300 nm. The geometric outline of the
nanohole and nanorods is shown in the dashed box. The
electric field distribution of the x-y plane shown in the
Fig. 5 is obtained at the junction of the nanostructure
and the thin film. Light is well coupled into the nano-
structures in the nanohole array. And when D/P is
changed from 0.6 to 0.8, light continue to be coupled
into the thin film, so absorptivity is enhanced. In the
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Fig. 4 a Absorptivity, b reflectivity, and ¢ transmission spectrum of nanohole arrays and nanorod arrays with fixed P of 300 nm and
different D/P. d Structure diagram of horizontal cross section of nanohole arrays and nanorod arrays
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Fig. 5 Schematic diagram of electric field distribution of nanohole arrays and nanorod arrays at the wavelength of 300 nm

nanorod array, light is coupled into the rod and directed
into the thin film through the nanostructures. When D/P
is changed from 0.6 to 0.8, the strength of the coupling
is weakened, so the absorptivity is also weakened. The
phenomenon of light coupling exhibited in the electric
field distribution can prove the numerical analysis in the
paper. Therefore, in the case where the lattice constant
and diameter have extreme effects on the light absorp-
tion performance of nanostructures, the GaN nanohole
array and GaN nanorod array can obtain the optimal
results within the current parameter value range.

The effect of polarization and incident angle

Figure 6a and b shows the schematic diagram of TE,
TM polarized light incident on nanohole array and
nanorod array, where « is the incident angle of polarized
light. The electric field component of the TE polarized
light is parallel to the y-axis, and the electric field
component of the TM polarized light is in the xz plane.
The absorptivity of the nanohole array and the nanorod
array varies with the incident light angle « as shown in
Fig. 6¢ and d. The red and blue lines represent the
average absorptivity of the nanostructures under TE
polarized incident light and TM polarized incident light,
respectively. The black line indicates the mixed
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polarized incident light, which is the result of the arith-
metic mean of absorption under the TE and TM polar-
ized light. The overall absorptivity trend decreases as the
incident angle of the TE polarized light increases. How-
ever, the absorptivity curve of TM polarized incident
light is not monotonic. Under mixed polarized incident
light, the two structures are capable of maintaining high
absorptivity over a range of incident angles and higher
than absorptivity at normal incidence. The nanohole
array can increase absorptivity over a range of incident
angles from 0 to 20°. Nanorod array can increase ab-
sorptivity over a range of incident angles from 0 to 40°.
This means that the nanostructures should be tilted at a
small angle to achieve higher absorptivity.

The absorptivity enhancement at small angle inci-
dence is due to parallel interface refractivity. If the
Bloch mode is completely parallel to the interface, it
will not be able to excite resonance due to its infinite
quality factor. Instead, the modal must be slightly offset
from the parallel direction of the interface to produce a
very strong resonance. The incident at a small angle
satisfies the above conditions. The Fresnel formula can
be used to explain the difference in absorptivity caused
by different polarized light at large angles of incidence.
When light interacts with the interface at different angles
of incidence, the proportion of incident energy entering
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and d nanorod array various with incident angle o

the transmitted medium is determined by the Fresnel
formula. The transmission expressions for the two po-
larization directions are expressed by Egs. (2) and (3):

o sin® (a—f)
T =1 sin®(a + 6) @)
n’(a—0

where « and 6 are the incident angle and the transmis-
sion angle and Trg and Tty are transmissivity. The
transmissivity calculated by equations is different from
the transmission obtained from COMSOL Multiphysics
software, which is normalized light energy received by
port S2. The transmissivity in Egs. (2) and (3) is 1
subtract reflectivity; it is equal to the absorptivity plus
transmission in the simulation results. The transmitted
angle can be determined according to the law of refrac-
tion, and the law of refraction is as shown in Eq. (4):

(4)

where 7, is the refractive index of the incident medium
and 7, is the refractive index of the transmitted medium.
In the simulation model of this paper, the incident me-
dium is air and the transmitted medium is GaN nano-
structure. The refractive index of the nanostructure can-
not use the refractive index of GaN under the thin film
structure. However, the effective medium refractive in-
dex of the nanostructures needs to be calculated accord-
ing to the mathematical model proposed by Maxwell—
Garnett. The effective refractive index ngsis determined
by the formula (5) Maxwell-Garnett model.

[ ngg—ny ]2:(1#)[@}2

2 2 2 2
ngg + 2ng n; + 2nj

nisina = npsinf

(5)
This formula is built on the assumption that the
medium 7, is surrounded by the medium #n;. n; is the

refractive index of air, n, is the refractive index of the
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Fig.7 a Transmissivity curve of nanohole array and nanorod array calculated by Egs. (2) and (3) with increasing incident angle of polarized
light. b Transmissivity (1-reflectivity) curve calculated by COMSOL Multiphysics

GaN film, and fis the filling ratio of the GaN material in
the nanostructure. The nanohole array has a D/P of 0.7,
and fis 0.923. The nanorod array has a D/P of 0.7, and f
is 0.877. The refractive index of the GaN material is in
the wavelength of 200400 nm. The 7. of the nanohole
array is 1.689, and the n.¢ of the nanorod array is 2.212.
The transmissivity of the nanohole array and the nano-
rod array under the incidence of two polarized lights is
illustrated in Fig. 7. What is in Fig. 7a is transmissivity
calculated by Egs. (2) and (3), and in Fig. 7b is transmis-
sivity calculated by COMSOL Multiphysics software,
which is equal to 1 subtract reflectivity. Comparing Fig.
7 aand b, it is clear that the curve trends are very similar.
Therefore, by using Fresnel formula and effective medi-
um refractive index model, it is possible to explain the
phenomenon that the absorptivity changes with the angle
of incident light in the COMSOL simulation results. It
can be seen in Fig. 7a that the transmissivity of the TE
polarized incident light keeps decreasing, while the trans-
missivity of the TM polarized incident is non-monotonic
with the increase of incident light in both nanostructures.
Therefore, as the incident angle of the TE polarized light
increases, less energy enters the GaN nanostructure, and
the absorptivity is correspondingly weakened. Converse-
ly, over a range of incident angles, as the incident angle of
the TM polarized light increases, more energy enters the
nanostructure, resulting in enhanced absorptivity.

Conclusion

In the work of this paper, we used COMSOL
Multiphysics Business Package to simulate the GaN
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nanohole arrays and nanorod arrays. Our goal is to
compare and analyze the absorption performance of
two nanostructures. Firstly, we fixed the D/P of the
nanostructures. In the process of increasing the lattice
constant, we found that the absorptivity peak of the
nanostructures appeared to move to the long-wave re-
gion. After the lattice constant is increased to 400 nm,
both nanostructures are able to obtain higher absorption
capacity in the near ultraviolet range. Secondly, we
fixed the lattice constant and compared the optical prop-
erties of two nanostructures at different D/P. We found
that the GaN nanohole array has a stronger ability to trap
light when D/P is 0.8, and this can be attributed to the
nanohole structure having stronger anti-reflection abili-
ty. Moreover, when D/P is larger than 0.8, the nanohole
array will use less material than the nanorod array.
Finally, we investigated the effects of TE and TM
polarized light on two nanostructures. After varying
the angle of incidence of the polarized light, we find
that the absorptivity of the nanostructures under TM
polarized incident light is a convex function and the
absorptivity under TE polarized incident light is a de-
creasing function. However, after calculating the ab-
sorptivity of nanostructures under mixed polarized light,
we found that when the angle of the incident light is less
than 20°, the light absorptivity of the GaN nanohole
array can be improved, and for nanorod arrays, the angle
of incidence does not exceed 40°. In summary, we
conclude that GaN nanohole arrays with large hole sizes
could provide high absorption performance much easier
than GaN nanorod arrays, and the incidence angle less
than 20° are also beneficial for improving the light
trapping ability of GaN nanohole array. Therefore, the
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research in this paper will provide a design direction for
the realization of light absorption by UV detectors.
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