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Abstract

Deep ultraviolet AlGaN-based nanorod (NR) arrays were fabricated by nanoimprint lithography and top-down dry
etching techniques from a fully structural LED wafer. Highly ordered periodic structural properties and morphology
were confirmed by scanning electron microscopy and transmission electron microscopy. Compared with planar
samples, cathodoluminescence measurement revealed that NR samples showed 1.92-fold light extraction efficiency
(LEE) enhancement and a 12.2-fold internal quantum efficiency (IQE) enhancement for the emission from multi-
quantum wells at approximately 277 nm. The LEE enhancement can be attributed to the well-fabricated
nanostructured interface between the air and the epilayers. Moreover, the reduced quantum-confined stark effect

accounted for the great enhancement in IQE.
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Introduction

In the past decade, AlGaN-based UV LEDs have attracted
wide attention because of their promising applications
such as water purification, sterilization, and biochemical
detection. [1-3]. Compared with traditional mercury UV
lamps, AlGaN-based UV LEDs are robust, compact, and
environmentally friendly and can be turned on without
warming up step. However, strong piezoelectric field exists
in the AlGaN multi-quantum wells (MQWs), resulting in
spatial separation of electrons and holes, named as
quantum-confined stark effect (QCSE), which dramatic-
ally decreases the internal quantum efficiency (IQE) [4].
Another problem is the low light extraction efficiency
(LEE) [5], which is caused not only by the internal total
reflection at the epilayers’ interface, but also by the dom-
inant transverse magnetic (TM) polarized light [6].
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Previous investigations suggested that the energy band en-
gineering is an effective way to reduce the QCSE and thus
improve the IQE [7]. On the other hand, the interface en-
gineering, such as incorporating structures like photonic
crystal [8, 9], patterned substrate [10, 11], distributed
Bragg Reflector [12], and surface plasmons [13-16], can
enhance the LEE of the deep UV LEDs. However, the
combination of these methods is relatively difficult.
Fabrication of AlGaN-based deep UV nanostructured
LEDs can be an alternative way to overcome QCSE and
low LEE issues at the same time. Generally, nanostruc-
tured LEDs were fabricated by nanometers scale masks
and top-down dry etching techniques. The masks were
prepared via annealed metal nanoparticles such as nickel
(Ni) or gold [17, 18], nanosphere lithography [19-21],
electron beam lithography (EBL) [22], and focused ion
beam milling [23]. Meanwhile, several selective area epi-
taxy methods have been developed to obtain InGaN-
based nanowire LEDs [24, 25]. However, each method
has its own natural disadvantages, such as expensive, un-
controllable morphology, non-uniform, incompatible
with microelectronics processes, and time-consuming.
In order to overcome these shortcomings, we have
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Fig. 1 Schematic of the fabrication of AlGaN NR arrays with MQWs embedded. a Original AlGaN-based deep UV LED wafer. b SiO, deposition. ¢
Spin-coating process of the SU8 photoresist and the UV curable resist. d Soft UV-curing NIL process. e RIE process of SU8 photoresist. f Ni
deposition and lift-off process in acetone. g Transfer Ni patterns to the SiO, layer by RIE. h Transfer patterns from SiO, to AlGaN-based LED wafer by ICP
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developed a soft UV-curing nanoimprint lithography
(NIL) technique to prepare controllable masks in a very
large area, with high uniformity and low density of
defects [26, 27].

In this work, we successfully prepared AlGaN nanorod
(NR) arrays with MQWs embedded from planar AlGaN
LED wafers. Compared with the planar (PLA) samples,
1.92-fold LEE enhancement and 12.2-fold relative IQE
enhancement have been demonstrated. Cathodolumines-
cence (CL), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) measurements
suggested that the enhanced LEE can be attributed to
the improved interfacial quality between the air and the
epilayers. The Raman measurements demonstrated that
the strain in the MQWs is reduced from 0.42% to 0.13%,
which is beneficial for IQE enhancement.

Methods

The AlGaN LED wafer was grown by metal-organic
chemical vapor deposition (MOCVD) on a 2in. ¢ plane
sapphire substrate, which is defined as the PLA sample.
The epitaxy comprised a 900-nm undoped AIN buffer, a
400-nm graded Al composition AlGaN layer, a 1.4-
pum-thick Si-doped n-AlysGapsN, and 5 periods of
Al 35Gag 65N/ Alg 45Gag 55N MQW's with well and barrier

thickness of 3 and 10 nm, respectively, followed by a
100-nm Mg-doped p-GaN contact layer.

A soft UV-curing NIL and a post-growth etching ap-
proach have been employed to obtain the AlGaN NR ar-
rays [26—28]. As shown in Fig. 1a—h, NIL process started
with a deposition of a 200-nm-thick silicon dioxide
(SiO,) by using plasma-enhanced chemical vapor depos-
ition (PECVD) method (Fig. 1b). Then, a layer of 300-
nm-thick SU8 photoresist and a layer of 80-nm-thick
UV curable resist were directly spin-coated on the epi-
layer (Fig. 1c), with post soft UV-curing NIL on the UV
curable resist (Fig. 1d). To remove the UV resist residue
and duplicate the nano-patterns to the SU8 photoresist
layer, oxygen (O,) plasma was utilized to etch SUS8
photoresist via reactive-ion etching (RIE) procedure
(Fig. 1le). After that, a 30-nm-thick Ni layer was depos-
ited via physical vapor deposition (PVD), and lift-off
process followed to form periodic Ni islands on the sur-
face of SiO, layer, which served as the hard mask
(Fig. 1f). The prepared Ni hard mask was used to trans-
fer the patterns to SiO, layer by another RIE process
(Fig. 1g). Subsequently, these SiO, nanorod arrays were
employed as a second mask to etch the AlGaN LED
wafer via an inductively coupled plasma (ICP) etching
process. Finally, these SiO, nanorod array masks were
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AlGaN MQWs, respectively
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Fig. 2 The top view (a), titled (inset in a), and cross-sectional (b) SEM images of the AIGaN NR arrays. ¢, d the TEM images of single NR and
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Fig. 3 a, b CL spectra of NR samples at 300K and 10K, respectively, excited by an electron beam (10 kV, 992 pA). ¢, d CL spectra of PLA samples
at 300 and 10K, respectively, excited by an electron beam (10 kV, 992 pA). The solid lines and dash lines are corresponding to the experimental
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removed by HF solution, and AlGaN NR arrays were ac-
quired as depicted in Fig. 1h. The yield of nanostruc-
tures with this NIL technology is over 98% on 2 in.
wafer, which is comparable with the EBL method but the
NIL technology is much cheaper. The details could be
found in our previous report [27]. It is inevitable to gen-
erate surface states on the sidewall of the nanorods dur-
ing dry etching, which may serve as non-radiation
recombination centers and suppress the luminescence of
AlGaN MQWs. Thus, all the NR samples have undergone
a chemical treatment by using KOH and dilute acid solu-
tion at 90 °C in water bath to remove the surface states.
The morphology of fabricated AlGaN NR arrays was
characterized in a ZEISS SIGMA high-resolution field
emission SEM system. TEM images were collected by
FEI Titan 80-300 TEM system with electron beam oper-
ating at 200kV. The CL spectra were collected by an
electron beam-fiber probe system with electron beam
operating at 10kV and 922 pA. The spectra of Raman
scattering was obtained in a Confocal Raman spectros-
copy imaging system (WITec alpha 300RA) with back-
scattering configuration, by using a 514-nm laser as
excitation source. The Raman measurement was cali-
brated by a standard single crystal silicon sample with

optical phonon mode at 520.7 cm ™.

Results and Discussion

Figure 2 a, inset in a, and b show the typical top view, ti-
tled, and cross-sectional SEM images of the fabricated
AlGaN NR arrays with good uniformity and smooth
sidewalls. One can see that the NR are in a highly or-
dered hexagonal array. The diameter, period, and length
of the NRs are approximately 350 nm, 730 nm, and 1300
nm, respectively. As shown in Fig. 2 ¢ and d, the MQW's
embedded in the NR can be clearly observed after NR
fabrication. The well and barrier are presented as dark
and bright areas, respectively, and the interface is still le-
gible, flat, and steep.

Figure 3 a and b show the room temperature (RT; 300
K) and low temperature (LT; 10 K) CL spectra of NR sam-
ples, respectively. Figure 3 ¢ and d show the RT and LT
CL spectra of the PLA samples, respectively. The solid
lines and dash lines are experimental and fitted curve

Table 1 The integrated peak intensities of the NR and PLA
samples at 300K and 10K

Peak 1 integrated intensity

Peak 2 integrated intensity

h(a.u) h(@.u.)
NR 300K 354x10* 104 % 10°
NR10K 174x10° 646 % 10°
PLA 300 123x10* 179% 10*
K
PLA 10K 627x10° 136%10°
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Fig. 4 a The structure diagram of PLA and NR sample. b The LEE
enhancement of NR sample compared with PLA sample at TE and
TM polarization state calculated by FDTD simulation. The black and
red dashed lines correspond to the emission wavelength of n-type
AlGaN layer and AlGaN MQWs, respectively

(Gaussian). Gaussian fitting indicates that all spectra con-
sist of two emission peaks. Regardless of the PLA or NR
sample, the CL luminescence intensities measured at LT
exhibit a great enhancement compared with those under
RT. This can be attributed to the weak thermal activation
energy at LT. Thus, the carriers cannot migrate to defects
where carriers can be non-radiatively recombined, which
means that the carriers only perform radiation recombin-
ation and the IQE can be regarded as approximately
100%. Considering the structure of the epitaxial layer, the
peaks at short (Peak 1) and long (Peak 2) wavelengths are
attributed to the emissions of n-type layer and MQW, re-
spectively. The detailed parameters obtained from the
Gaussian divided peaks are shown in Table 1. For the
NR sample, the integrated intensities of emission from
the n-type layer are approximately 2.89 [I;(NR300K)/
I,(PLA300K)] and 2.78 [[;(NR10K)/[;(PLA10K)] times
higher than that for the PLA sample at RT and LT, re-
spectively. However, at RT, the integrated intensity of
the emission from the MQW for NR sample is approxi-
mately 5.81 [I(NR300K)/[,(PLA300K)] times higher
than that of PLA sample, while the ratio is only 0.48
[/5(NR10K)/I,(PLA10K)] at LT.

Compared with PLA sample, the sidewalls of the NR
sample are exposed to the air as shown in Fig. 4a,
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Fig. 5 Raman spectra of the PLA and NR samples stimulated by a
514 laser at RT. The black and red curves represent PLA and NR

samples, respectively. The blue and pink dashed lines correspond to
E>h peak of unstressed GaN and AlgsGagsN, respectively
.

resulting in a significant increase of the total interface
area between the air and the epilayer. Thus, the LEE can
be enhanced for both n-type layer and MQW emissions.
The LEE enhancement of the n-type layer emission can
be estimated to be approximately 2.8 [I;(NR)/;(PLA)].
Moreover, according to the geometric structure obtained
from Fig. 2a, the MQW area of the PLA sample is ap-
proximately 4 times larger than that of the NR samples.
By assuming the IQEs for both PLA and NR samples as
1 at 10K, the relative light extraction enhancement can
be obtained as approximately 1.9 [4 x L(NR10K)/
I,(PLA10K)]. Clearly, the LEE enhancement of the n-type
layer emission is higher than that of the MQW emission.
Finite-difference time-domain (FDTD) simulations
were performed to clarify the LEE enhancement of
AlGaN NR arrays. The diameter, period, and length of
the NR arrays are set as 350 nm, 730 nm, and 1300 nm,
respectively, to accord with the fabricated NR arrays as
depicted in Fig. 4a. Other simulation parameters are
similar to our previous report [29]. Field collected by
monitor was used to integrate the power Py that escape
from the top surface, and the source power of dipole is
defined as Pg, so the LEE is # = Py/Ps. And the extraction
enhancement can be calculated by E, = 7,/1,, where 7,
y, is the LEE of PLA and NR samples, respectively. Fig-
ure 4 b shows the light extraction enhancement of the
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NR arrays compared with PLA sample at transverse
electric (TE) and TM polarization states. One can see
that for the n-type layer emission at approximately 265
nm, the LEE enhancement ratios are approximately 2.4
and 9.2 for the TE and TM polarization states, respect-
ively. Previous investigation indicated that even for com-
pressively grown AlGaN MQWs, strongly TE-polarized
emission can be observed at wavelengths as short as 240
nm [30]. Thus, it is reasonable that the LEE enhance-
ment of a mixture of TE and TM states is approximately
2.8. However, the LEE enhancement ratios are approxi-
mately 2.6 and 9.1 for the TE and TM polarization state,
respectively, at approximately 277 nm. The calculated
LEE enhancement ratio of the MQW emission from the
experimental data is approximately 1.9, which is smaller
than the simulated LEE enhancement ratio of both TE
and TM polarization states. This may be attributed to
the partly irregular shape of the experimentally fabri-
cated NR arrays shown in Fig. 2a or the re-absorption of
the damaged layer caused by the NIL process.

On the other hand, the reduced QCSE can enhance the
IQE for the NR sample for the MQW emission. The IQEs
of the n-type layer emission at 300 K can be estimated as
approximately 1.96% [I;(PLA300K)/I;(PLA10K)] and 2.03%
[[1(NR300K)/I;(NR10K)] for the PLA and NR samples, re-
spectively. They are very close to each other because the
QCSE does not exist in the n-type layer. However, the
IQEs of the MQW emission at 300K are approxi-
mately 1.32% [I,(PLA300K)/I,(PLA10K)] and 16.1%
[[;(NR300K)/I,(NR10K)] for the PLA and NR sam-
ples, respectively. Thus the enhancement ratio of IQE
is 12.2 for the MQW emission of the NR sample
compared with the PLA sample. This great enhance-
ment of the relative IQE should be attributed to the
reduced QCSE of the NR sample. According to some
similar works in blue/green LEDs [27, 31], a large
strain relaxation due to the NR fabrication will reduce
the QCSE effect. The reduced QCSE will increase the
wave function overlap of electrons and holes and re-
sults in an increased IQE.

Raman measurement was performed to confirm the
strain relaxation in the NR samples. Figure 5 shows the
Raman spectra of the PLA and NR samples. The
E,(high) phonon mode is usually utilized to characterize
the stress state in the epitaxial layers. Notably, three
E,(high) phonon modes are shown in the Raman spectra
for both PLA and NR samples, corresponding to the

Table 2 The £,(high) phonon frequencies (cm™") observed at 300K and the calculated stress and strain

GaN AlpsGagsN

Raman shift (cm™") Stress (GPa) Strain Raman shift (cm™") Stress (GPa) Strain
PLA 576.6 -282 —0.59% 591.3 -163 —0.34%
NR 568.1 -0.32 —0.07% 5883 —-0.71 —0.15%
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GaN contact layer, n-type layer, and AIN buffer layer.
Clearly, the peak shifts of PLA and NR samples are
different compared with stress-free E,(high) phonon
modes, indicating that the stress state has changed after
the PLA sample was fabricated into the NR sample. Usu-
ally, the in-plane stress of the epitaxial layers is expressed
by the following equation [29]:

WE, (high)—®@o = Co, (1)

where C is the stress-shift rate (- 3.4 cm™}/GPa, -3.1
cm }/GPa, and -3.25cm Y/GPa for GaN, AIN, and
Aly5GagsN, respectively) [29]. @g,(highy and wq are the
Raman shifts for the E,(high) mode of the corresponding
epitaxial layers in our study and the stress-free materials,
respectively. The w, values for GaN and AlysGagsN are
reported to be 567.0 and 586.0cm ™' at RT, respectively
[32]. The strain of the epitaxial layers can be expressed
as [33]:

c?

Oxx = [Cn + C1p-2 ﬁ] Exxs (2)
Cs3

where o, is the in-plane stress; €, is the in-plane strain,

and Cj is the elastic constants of GaN and AIN given in

previous report [34], ie, a proportionality factor of

478.5 GPa for GaN, and 474.5 GPa for Al,5GagsN.

Using Egs. (1, 2), the Raman shift, stress, and the
strain are listed in Table 2. Notably, the strain is greatly
reduced in the GaN contact layer. By simply considering
a linear interpolation of the strain and stress in the dif-
ferent Al content epilayers, the stress/strain in the
MQWs with 35% Al content can be obtained as 1.99
GPa/0.42% and 0.59 GPa/0.13% for the PLA and NR
sample, respectively. Thus, a 69% strain has been relaxed
in the MQWs layer of the NR sample.

According to previous investigation [35], the polarization
field E,, in the quantum wells can be expressed as

_ b(Pp-Py)
lwep + lhey

(3)

where [, I, P, P}, and ¢, &, are the widths, total polar-
izations and dielectric constants of the wells and the bar-
riers, respectively. Thus, not only the piezoelectric
polarization but also the spontaneous polarization should
be taken into account. The piezoelectric polarization is
calculated by Pp, = 2(e31—es3 g—g)exx [36], where e3q, ess,
Cs1, and Cs; are obtained by the linear interpolation from
the related parameters of GaN and AIN [37, 38], the strain
&x Is calculated by the Raman spectra using linear
interpolation method. The spontaneous polarization is ob-
tained by the linear interpolation from the spontaneous
polarization of GaN and AIN [37, 39]. Thus, by using the
dielectric constant of the wells and the barriers obtained by
the linear interpolation from the dielectric constant of GaN
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Table 3 Spontaneous polarization, piezoelectric polarization,
total polarization, and polarization field in the quantum wells

Spontaneous Piezoelectric Total Polarization
polarization polarization polarization field (C/m?)
(C/m?) (C/m?) (C/m?)
PLA —0.0536 0.0066 —0.047 —0.00397
NR —0.0536 0.002 - 00516 —0.00335

€gan = 8.9 and AIN eapy = 8.5 [40], the polarization field can
be calculated by Eq. (3). Table 3 lists the spontaneous
polarization, piezoelectric polarization, total polarization,
and polarization field in the quantum wells for PLA and
NR samples; one can clearly see that the polarization field
is reduced after the NR fabrication.

Conclusion

In summary, highly uniform AlGaN NR arrays with
MQWs embedded have been successfully fabricated by
NIL and top-down etching techniques. Two peaks corre-
sponding to the emission from the n-type layer (at
higher energy) and MQWSs (at lower energy) are ob-
served by the CL measurement for both NR and PLA
samples at 300 K and 10K. For the n-type layer emis-
sion, an over 2-fold LEE enhancement has been ob-
served while the IQE is hardly enhanced via the NR
fabrication. For MQW emission, the LEE enhancement
ratio can be estimated around 1.9 and a 12.2-fold IQE
enhancement is achieved. Raman spectra demonstrated
that the strain is reduced from 0.42% to 0.13% by the
NR fabrication, showing a strong evidence of reduced
QCSE. Our results indicated that for the samples with-
out great crystal quality, the spatial separation between
the electrons and the holes caused by the QCSE would
be an important factor for the IQE reduction.
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