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The nanorod structure is an alternative scheme to develop high-efficiency deep ultraviolet light-emitting diodes
(DUV LEDs). In this paper, we first report the electrically injected 274-nm AlGaN nanorod array DUV LEDs
fabricated by the nanosphere lithography and dry-etching technique. Nanorod DUV LED devices with good
electrical properties are successfully realized. Compared to planar DUV LEDs, nanorod DUV LEDs present
>2.5 times improvement in light output power and external quantum efficiency. The internal quantum efficiency
of nanorod LEDs increases by 1.2 times due to the transformation of carriers from the exciton to the free electron—
hole, possibly driven by the interface state effect of the nanorod sidewall surface. In addition, the nanorod array
significantly facilitates photons escaping from the interior of LEDs along the vertical direction, contributing to
improving light extraction efficiency. The three-dimensional finite-different time-domain simulation is
performed to further analyze in detail the TE- and TM-polarized photons extraction mechanisms of the
nanostructure. Our results demonstrate the nanorod structure is a good candidate for high-efficiency DUV

emitters. © 2019 Chinese Laser Press
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1. INTRODUCTION

In the last decades, deep ultraviolet light-emitting diodes (DUV
LEDs) have been widely explored for their potential applications
in air/water purification, disinfection, bio-medical detection, and
so on [1,2]. However, at present, DUV LEDs are unsatisfactory
for commercialized applications due to the low light output
power (LOP) and efficiency. So far, the highest external quantum
efficiency (EQE) over 20% was reported by Takano ez al. [3],
but the mosty reported EQEs of AlGaN multiple quantum
wells (MQWSs) DUV LEDs with planar structure in the UV-
C (200 nm to 280 nm) region are still less than 10% [4].
Generally, the low internal quantum efficiency (IQE) and low
light extraction efficiency (LEE) are two crucial contributors
to the poor EQE. The former issue is attributed to high dislo-
cation density, insufficient carrier injection, and quantum con-
fined Stark effect (QCSE) in MQWs. And the latter issue derives
mainly from the serious total internal reflection (TIR) of photons
at the interface between high-refraction epitaxial layers/substrate
and the ambient medium [5].

Nanorods (or nanowires) are acknowledged as a promising
method to overcome the low EQE issue [6,7]. These structures
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can suppress the internal strain and the lateral transport of car-
riers in MQWs to increase the IQE [8,9]. Also, the photonic
and cavity effects of nanorods (or nanowires) are also exploited
to LEE [10,11]. Up to date, AlGaN nanorod (or nanowire)
LED:s are obtained mostly by molecular beam epitaxy [12—-14].
Moreover, the AlGaN nanowires are grown on GaN/Si or metal
with p-type metal contact on top, which brings about difficul-
ties in light extraction. Recently, AlGaN/AIN core-shell
MQWs based on the regrowth on AIN nanorods have been
reported, which shows a promising scheme to realize high ef-
ficiency and high output power DUV LEDs [15,16]. But that
structure has not yet achieved electrically injected lumines-
cence. Top-down etching is an economical method to realize
nanorod LEDs without the aforementioned concern and has
already been demonstrated in efficient InGaN/GaN-based blue
LEDs [17]. However, electrically injected Al-rich AlGaN-based
nanorod DUV LEDs have been extremely challenging to real-
ize, since the nanorods are separated from each other and the
fillers commonly used in visible nanorod LEDs absorb DUV
photons, thus making Ohmic contact difficult to be deposited
on the top surface [8].
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In this paper, we employed the silica nanosphere lithography
(SNL) and dry-etching technique to prepare nanorod arrays
and further fabricate nanorod DUV LED devices using no filler
technique. The reverse leakage current is about 0.1 pA at
-10 V, embodying good electric properties. Compared to pla-
nar DUV LEDs, the LOP and EQE increase by 2.5 times. The
IQE of nanorod DUV LEDs is multiplied 1.2 times at room
temperature, which is possibly ascribed to the efficient disso-
ciation of excitons via the interface effect of the nanorod side-
wall surface. Moreover, the LEE also significantly increases due
to the modulation of photons by the nanorod array.

2. EXPERIMENT
The AlGaN-based DUV LED wafer was grown by our

homemade low-pressure metal-organic chemical vapor deposi-
tion (LP-MOCVD) on a 2-in ¢-plane sapphire substrate at
50 Torr (1 Torr = 133.322 Pa). The LED structure con-
sisted of a 1-pm AIN template, 20 pairs of Aly;Gag;N/AIN
(20/20 nm) superlattices, 2-pm n-Alys5GagsN, five 3-nm
Aly 4Gag N QWs sandwiched by 12-nm Al 5Gag 5N barriers,
50-nm p-AlGaN layer, and 120-nm p-GaN. Figure 1 shows
the fabrication flow diagram of the nanorod array by the
SNL and dry-etching technique. First, a highly ordered self-
assembled monolayer of SiO, nanospheres with the diameter
of 600 nm was dip-coated on the wafer and spaced by using
a CF;-based inductively coupled plasma (ICP) etch to shrink
the nanospheres to around 500 nm. Following this, the wafer
was etched down to n-AlGaN via a Cl-based ICP. Finally, the
residual SiO, nanospheres were removed by the buffer oxide
etchant. The nanorods were treated in the mixed solution
(H,SO4:H,0, = 3:1) to remove ICP-induced sidewall etch-
ing damages and clear contaminants on the surface of the nano-
rods at the same time. After that, the sample was dipped in
hydrochloric solution (HCl:H,O = 1:10) to remove the
oxide layer on the surface of the nanorods.

The surface morphology of the nanorods was charac-
terized by the field emission scanning electron microscope
(SEM, Hitachi $4800). The temperature-dependent photolu-
minescence (TDPL), time-integrated PL (TIPL), and time-
resolved PL (TRPL) were measured using a frequency-tripled
fs Ti:sapphire laser with a wavelength of about 260 nm, and the
optical excitation and light collection were from samples’ top
surfaces. The electroluminescence (EL) spectra and the LOPs
of DUV LEDs were obtained using a calibrated integrating
sphere and a calibrated high-resolution spectrometer system
(HAAS 2000). The angle-resolved EL spectra were measured
by an angle-resolved spectrum system (R1, Ideaoptics, China)
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Fig. 1. Schematic diagrams of the DUV LEDs nanorod structure
fabrication process. (a) SiO, nanospheres deposited on the wafer.
(b) CFj-based ICP etching shrinks the nanospheres. (c) Cl-based
ICP etches down wafer to n-AlGaN layer. (d) SiO, nanospheres
are removed by the buffer oxide etchant.
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equipped with a calibrated UV-Vis-NIR PG2000-Pro spec-
trometer. The three-dimensional finite-difference time-domain
(3D-FDTD) simulation was used to analyze the light extraction
mechanisms in the nanorod array structure.

3. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the typical top-view and cross-
sectional SEM images of the nanorod array, respectively.
Nanorods are in a highly uniform hexagonal array determined
by ordered silica nanospheres with 600-nm pitch and a density
of 2.8 x 10% cm™. The diameters of nanorods’ bottoms/tops
and their heights are on average around 400 nm, 600 nm, and
1 pm, respectively. The slanted sidewalls with angles of ~84°
are observed. A 300-nm-thick SiO, is deposited to coat the
nanorod surface as the protective layer by the plasma-enhanced
chemical vapor deposition (PECVD) as the first fabrication
procedure of the nanorod DUV LED devices.

Figures 3(a) and 3(b) show the TDPL band peak position
for the nanorod and planar DUV LEDs, and their peak
emission photon energies are around 4.46 ¢V and 4.48 eV,
respectively. These two samples exhibit a so-called S-shape
dependence, usually attributed to the hopping of carriers
through the localized states rooted in the fluctuations of the
content and interfaces of QWs [18]. Figure 3(c) shows the nor-
malized PL intensity as a function of temperature from 10 K to
300 K in an Arrhenius plot. The IQEs were calculated to be
35% and 42% for the planar and nanorod LEDs, respectively.
The IQE of the nanorod LED increased by a factor of 1.2 rel-
ative to that of the planar structure. After fabricating into the
nanorod structure, the compressive strain in LEDs was allevi-
ated, and the total polarization intensities in QW's were slightly
increased as our recent work reported [19]. The increase in
polarization intensity countered the increase in IQE. Also,

Fig.2. (a) Top-view and (b) cross-sectional SEM images of nanorod
array structure.

{(a 41(b _100{(c
( ) ( ) §' ( ) = Nanorod DUV LED
=4 10K =4 10K 2 901 ® Planar DUV LED
-} 3 I
e s S 804
| £
z Z E 70]
s 5 a
£ £ 3 601
T & 3 50
“ £
= g 40
300K 300K i
43 44 45 46 47 43 44 45 46 47 0 20 40 60 80 100

Photon energy (eV) Photon energy (eV) 1000/T (1/K)

Fig. 3. TDPL band peak positions for (a) nanorod and (b) planar
DUV LEDs and (c) their Arrhenius plots of the normalized PL inten-
sities as a function of temperature.
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the power-dependent PL (PDPL) suggested that the QCSE had
little adverse impact on the IQE, and that will be discussed
later. So, the improvement of IQE derives from other mecha-
nisms. The nanorods would laterally confine the carriers com-
pared to the planar structure and could enhance the electron—
hole oscillator strength to contribute to the improvement of
IQE [9]. In addition, Chen ez al. [9] recently reported the sig-
nificant improvement of the optical performance of InGaN/
GaN MQW nanorods compared to their planar counterparts,
because the nanorod sidewall provides an effective pathway for
exciton dissociation into free electron—holes. The latter’s higher
recombination rate contributes to the enhancement of optical
properties. That provides us with another clue to reveal the
reasons for the improved IQE for the nanorod DUV LED.
Hence, we studied the excited power-dependent recombination
dynamics in nanorod and planar LEDs by PL.

Figure 4(a) shows the TIPL intensity under various excited
power densities. The PL intensity increases linearly with excited
power density for the planar DUV LED, while that of the
nanorod DUV LED exhibits an exponential increase. Here, we
define this PL to be PDPL. It is clear that the PL intensity of the
nanorod DUV LED is dramatically larger than that of the pla-
nar DUV LED, which roots in the higher IQE and LEE. The
PL efficiency (PL.g) is defined as the ratio of PL intensity to
excited power density, and its dependence on excited power
density at room temperature for two samples is illustrated in
Fig. 4(b). The PL g of the nanorods increases dramatically with
the excited power density, whereas that of the planar LED is
almost constant, suggesting different recombination mecha-
nisms for these two samples. The increasing PL g with the ex-
cited power density is a signature of systems dominated by
the free electron—hole recombination, while the relatively flat
PL.g is typical in systems dominated by exciton recombination.
The PL efficiency [Eq. (1)] proposed by Chen ez al. [9] is ap-
plied to describe the recombination dynamics process including
the free electron—hole and exciton recombination to further
confirm our speculation:

ﬂ(Bxp + Bebpz)

, 1
AP/’I+BxP+BehP2 ( )

PLCE (P) =

where, A, B,, and B,, stand for the coefficients of Shockley—
Read—Hall (SRH) recombination, exciton, and electron—hole
recombination, respectively; p is the excited power density
in direct proportion to the total carrier concentration; f and
n are coefficients.
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Fig.4. Dependence of the (a) integrated PL intensity, (b) PL relative
efficiency, and (c) peak photon energy on excitation-energy density at
room temperature for two samples.

In an exciton dominated system, where B,p> B,p?,
Eq. (1) is simplified to PLg(p) = B, /(A/n + B,), which
is independent of the excitation-energy density. The PL.g of
the planar DUV LED is independent of the excitation-energy
density, as shown in Fig. 4(b), indicating the typical exciton
recombination. The PL.g of the nanorods increases with the
excitation-energy density. So, the recombination rate is car-
rier-density dependent, which originates from the fact that free
electron—hole recombination is proportional to the square of
carrier concentration [20]. In fact, the exciton formation is pos-
sible only for carrier density lower than Mott density (V).
The carrier density studied here is lower than 10! cm™ ac-
cording to the calculation of Ref. [21], which is lower than
the reported Ny, (1077-10'® cm™3) [22]. Therefore, excitons
dominate the carrier recombination in MQWs of the planar
DUV LED when the injected carrier density is lower than V.

Figure 4(c) shows the dependences of the peak photon en-
ergy on the excitation-energy density at room temperature for
two samples. The peak photon energy of the nanorod DUV
LED exhibits a red shift compared with that of the planar
DUV LED, which results from the shrinking of the band
gap due to strain relaxation [23,24]. Also, the interface effect
caused by the nanorod sidewall surface could also contribute to
the red shift [25]. The peak photon energy for both samples
remains almost constant under various excitation-energy den-
sities. The blue shift arising from the Coulomb screening effect
of the QCSE does not appear [21]. The results indicate the
QCSE has little adverse impact on the carrier recombination
here. Because of the large band offset and narrow well width
in our samples, the energy level above the triangular potential
wells is high [26]. Therefore, the increased polarization inten-
sity has a negligible impact on the IQE.

Figure 5(a) shows the TRPL spectra of the planar and nano-
rod DUV LEDs measured at room temperature. The TRPL
spectra of these two samples both can be fitted well using
exponential curves described by the following equation [9]:

I1(t) = Le™ + Le =, 2

where 7 (¢) is the PL intensity as a function of time ¢. /; and 7,
are two constants. The 7, can be regarded as the radiative re-
combination lifetime, while the 7, can be expressed as 1/7, =
1/z,, + 1/7, (z,, is non-radiative recombination lifetime,
7, < 15) [27]. The fitted 7, 7, and calculated 7, are 15 ps,
128 ps, and 17 ps and 20 ps, 237 ps, and 21.6 ps for the
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Fig. 5. (a) TRPL spectra of the planar and nanorod DUV LEDs
at room temperature. Time-dependent carrier density extracted for
(a) and scaled to (b) 1/[I(¢)]'/? for the bimolecular recombination
model and (c) (1/2)In[/(#)] for the monomolecular recombination
model.
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nanorod and planar DUV LEDs, respectively. According to the
fitting results, 7, of the nanorod DUV LED is much smaller
than that of the planar DUV LED, which clearly shows that the
nanorod DUV LED exhibits a faster radiative recombination
rate than the planar DUV LED, potentially indicating a higher
IQE for the former. Since 7, is much less than 7,, the 7, is
dominated mainly by a non-radiative recombination process.
Note that the temporal resolution of the detector in our TRPL
measurement is ~15 ps, meaning that the 7; value might be
influenced by the precision of our equipment.

Subsequently, we fitted the curve line in the TRPL by a rate
equation to analyze the recombination dynamics process.

For a bimolecular recombination process [9,27],
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For a monomolecular recombination process [9,27],
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where 7 is the injected current density, and C; and C, are con-
stants. According to Egs. (4) and (7), we scaled the data in
Fig. 5(a), using 1/[1(#)]'/? for the bimolecular recombination
[Fig. 5(b)] and (1/2)In[/(z)] for the monomolecular recom-
bination [Fig. 5(c)]. Figure 5(b) reveals that our data of the
nanorod DUV LED agree well with the bimolecular recombi-
nation mechanism corresponding to the free electron—hole
recombination, while the bimolecular recombination model
does not fit well the data of the planar DUV LED. In contrast,
the data of the planar DUV LED agree much better with the
monomolecular recombination model corresponding to the ex-
citon recombination, but those of the nanorod DUV LED de-
viate from this dependence, as shown in Fig. 5(c). The results
mean that the free electron—hole and the exciton dominate the
recombination process in the nanorod and planar DUV LEDs,
respectively. That is consistent with the results of the PDPL.

According to the analysis above, we infer there must be some
driving forces to help overcome the Coulomb attraction or the
binding energy of excitons to dissociate excitons into free car-
riers. Compared with the planar LED, the main changes in the
nanorod LED are the relaxed compressive strain in the MQW's
and the increased nanorod sidewall interface. The relaxed com-
pressive strain can enhance the polarization field in the MQWs
[19], which acts as a driving force to dissociate the excitons [9].
However, the peak photon energy in Fig. 4(c) does not show
obvious blue shift under high excited power density, suggesting
the polarization field increase might be slight. The increased
nanorod sidewall interface would bring the interface state ef-
fect. On one hand, the interface states on the nanorod sidewall
can result in band bending nearby and induce additional elec-
trical field. The excitons are promoted to be dissociated into
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electrons and holes. Although the surface band bending would
result in a spatial separation between electrons and holes and
thus be harmful to radiative recombination, we think that the
recombination rate reduction can be compensated by the re-
combination rate increase due to the transformation of recom-
bination mechanisms. On the other hand, it is reported that
some low energy states on the surface could contribute to
the exciton dissociation [28]. The interface state effect of the
nanorods can generate low energy levels [25]. The exciton
banding energy (E.) can be estimated by the formula
E = (u/e*) x13.6 eV, 1/u = 1/m} + 1/m}, where ¢ is
the material dielectric constant, and 72 and 72} are the effective
masses of the excited electron and hole, respectively [29]. The
generated low energy levels can change the energy band struc-
ture, resulting in the decrease in 2 or 72}, which could reduce
the £, to facilitate exciton dissociation.

Subsequently, the electrically injected devices were fabri-
cated by the process shown in Fig. 6. First, the 300-nm-thick
SiO, was deposited on the surface of the nanorod as the pas-
sivating and insulating layer by the PECVD, as shown in
Figs. 6(a) and 6(e). It should be noted that no filler existed
among the nanorods to avoid the absorption of DUV photons
[30]. Then partial SiO, was removed to expose the n-AlGaN
and p-GaN, as presented in Figs. 6(b) and 6(f). After that,
Ti/Al/Ti/Au (20/120/20/100 nm) metal stacks were deposited
on the n-AlGaN as the n-type contact using an electron beam
evaporation system and annealed at 1000°C [as shown in
Fig. 6(c) and the inset in Fig. 6(g)]. Ni/Au (20/20 nm) stacks
were used as the p-type contact on top of the nanorods and
annealed at 550°C in air [as shown in Figs. 6(c) and 6(g)].
The nanorods were separated by air voids without filler to
planarize the surface of the nanorod array. Hence, a thick
Al/Ti/Au (300/50/300 nm) stack metal layer was deposited
on the p-contact of the nanorods to connect the p-contact to-
gether via a tilting angle deposition technique to avoid metal
entering gaps among the nanorods, as depicted in Figs. 6(d)
and 6(h). The inset in Fig. 6(h) clearly shows that there is
little metal in the air voids among the nanorods. Afterwards,
DUV LED devices were fabricated with the chip size of
600 pm x 600 pm by the standard LED process. The devices

Fig. 6. Fabrication process of nanorod DUV LED devices.
(a) Depositing SiO, as insulating layer to passivate the surface of nano-
rod LED:s. (b) Partial SiO, is removed to expose n-AlGaN and p-GaN.
(o) Ti/Al/Ti/Au and Ni/Au metal stacks are deposited on the n-AlGaN
and p-GaN as the n-type contact and the p-type contact, respectively.
(d) Al/Ti/Au stack metal layers are deposited on the p-contact of nano-
rods to connect p-contact together. (e)—(h) Corresponding SEM
diagrams of (a), (b), (c), and (d), respectively.
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Fig. 7. (a) EL spectra of the nanorod AlGaN DUV LED at different

injection current densities (from 10 A/cm? to 120 A/cm?) under
CW biasing condition. (b) Current-voltage characteristics of both
kinds of LEDs, and the inset is the current-voltage curve on a
semi-log scale. () LOPs and EQEs under different current densities.
(d) Normalized angle-resolved EL spectra of nanorod and planar DUV
LEDs measured at 20 A/cm?.

were flip-chip bonded onto ceramic submounts, and the sub-
mounts were bonded onto metal-core printed circuit boards for
better heat dissipation and device testing.

Figure 7(a) depicts the room temperature EL spectra of
nanorod DUV LEDs at different injection current densities
(from 10 A/cm? to 120 A/cm?). The single peak light emis-
sion is located at about 274 nm, which is approximately in line
with the PL. Figure 7(b) shows the current-voltage character-
istics of the planar and nanorod DUV LEDs, and their turn-on
voltages are about 7 V. The inset is the current-voltage curve
on a semi-log scale. It is worth noting that the reverse leakage
current is about 0.1 pA for both kinds of DUV LEDs at -10 V,
indicating a good fabrication process for the device. The nano-
rod surface treatment by H,SO4:H,O, mixed solution can re-
move the amorphous layer caused by ICP etching, which could
serve as non-radiative recombination centers. Moreover, the
SiO, passivates the dangling band on the surface of nanorods,
preventing surface current leakage. Hence, we finally get an
extremely low reverse leakage current. Figure 7(c) compares
the LOP and EQE versus current for the nanorod LED with
that of the planar LED. The LOP of the nanorod LED in-
creases with injected current density, while that of the planar
LED is saturated at 80 A/cm? and then decreases with injected
current density. This is attributed to better heat dissipation in
the nanorod LED because of the thick interconnected Al/Ti/Au
metal layer on the top of the nanorods. Additionally, the planar
LED suffers more obvious efficiency droop than the nanorod
LED, for which the heat effect should mainly account. At
80 A/cm?, LOP and EQE of the nanorod LED approximately
rise 2.5 times compared to that of the planar LED. Hence, the
LEE of the nanorod LED is about 2.08 times that of the planar
LED and is another more significant factor to improve EQE.
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We further carried out the measurement of the angular distri-
bution EL spectra of nanorod and planar DUV LEDs at
20 A/cm?. As shown in Fig. 7(d), the emission pattern of
the planar DUV LED exhibits a typical heart-like shape, which
roots in the anisotropic emission pattern from photon polari-
zation caused by the unique property of c-plane Al-rich AlGaN
MQWs [31], while the radiation pattern of the nanorod DUV
LED is more like the Lambertian pattern. The divergence an-
gles (defined as the angle between the points at which the emis-
sion intensity is half the maximum [32]) of the planar LED and
the nanorod LED are 120° and 140°, respectively. The latter
exhibits a smaller divergence angle, indicating more photons
are redirected to the vertical direction of the chip. We believe
this is attributed to the vertical extraction of photons by the
nanorod array structure.

The 3D-FDTD simulation was further performed to study
the light extraction mechanisms of the nanorod array. The si-
mulated device structures of the DUV LED are depicted in
Fig. 8, and the parameters of epitaxial layers were described
earlier. The nanorods were surrounded by a 60-nm SiO, shell
layer and oriented along the ¢ axis, which is parallel to the z
direction. Furthermore, an Al/Ti/Au (300/50/300 nm) stack
layer was deposited on the p-contact of the nanorods as labeled
in Fig. 8(b). The refractive indices for sapphire, AIN, GaN, and
SiO, were set as 1.8, 2.16, 2.9, and 1.52, [31,33] respectively.
The refractive indices of AlGaN were obtained by linear
combinations of components of GaN and AIN [34]. The
absorption coefficients of n-Alj s5Gag sN, MQW's and p-GaN
were 10 cm™!, 1000 cm™!, and 170,000 cm™', respectively
[31,33]. Perfectly matched layer (PML) boundary condition
is applied to all boundaries. The computational domain was
set to be 15 pm x 15 pm in the x and y dimensions, respec-
tively. A 274-nm single dipole source with 10-nm FWHM
was placed at the center of the MQWs in one nanorod approx-
imately located in the center of the device, while for the planar
structure device, the single dipole was located in the center of
MQWs. In addition, TE polarization is represented by the
major electric field traveling in the out-of-plane direction, while
TM polarization is defined as the major electric field traveling
in the in-plane direction. A source power monitor placed in the
bottom of the sapphire substrate was used to measure the
LOP radiated out of the device, since the devices had flip-chip
structure and most of the UV light would come from the back-
side of the sapphire.

The simulation results show that TE- and TM-polarized
LEEs in the planar DUV LED are, respectively, ~4.7% and

n-AlGaN n-AlGaN

Fig. 8. Schematic diagrams of the (a) planar and (b) nanorod DUV
LEDs for FDTD computation with boundary conditions.
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Fig.9. Cross-sectional near-field electric field intensity of the inves-
tigated (a), (c) planar and (b), (d) nanorod DUV LED:s for (a), (b) TE
and (c), (d) TM polarizations at x—z plane, respectively.

~0.25%, which is consistent with the reported result in a
previous analytical study of the planar AlGaN-based UV
LED [35]. As for the nanorod DUV LED, the TE- and
TM-polarized LEEs are 12% and 9%, respectively, showing,
respectively, 1.6 times and 35 times higher TE-polarized and
TM- polarized LEEs than the conventional planar structure.
Figure 9 shows the electric field intensity distribution at the
x—z plane for the planar and nanorod DUV LEDs. We can
clearly see that the TE- or TM-polarized light emitted from
the MQWs of one individual nanorod can couple into the ver-
tically directed guided modes [11], or couple into adjacent
nanorods to again form vertically directed guided modes. As a
consequence, the opportunity for photons escaping from the
substrate side increases. The Bragg scattering caused by the
highly ordered nanorod array also promotes photons extracted
from the sidewall in the vertical direction. In addition, the
p-GaN with downsize decreases the absorption of photons
[10]. Thus, some photons transmitting to the top side can
be effectively reflected back to the substrate side by the planar
Al/Ti/Au stack layer and probably escape out [36]. These rea-
sons can also explain the enhanced vertical emission in the light
output angular distribution.

4. CONCLUSION

In summary, we have fabricated nanorod DUV LEDs by the
SNL and dry-etching process and prepared the nanorod DUV
LED devices using no filler technique. Compared to planar
DUV LEDs, nanorod DUV LEDs demonstrate about >2.5
times increase in LOP and EQE, which can be attributed
mainly to the improvement of IQE and LEE. The dissociation
of excitons into free electron—holes contributes to the increased
IQE for the higher recombination rate of free carriers. In
addition, the nanorod array facilitates the extraction of DUV
photons via the waveguide effect, Bragg scattering effect, and
reflection of the planar Al/Ti/Au stack layer on top of the nano-
rods. These findings reveal the carrier recombination dynamics

) O Vol. 7, No. 9 / September 2019 / Photonics Research B71
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and light extraction mechanism in nanorod DUV LEDs and
will pave a good way for high-efficiency DUV emitters.
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