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a b s t r a c t

The external cavity structure electron-beam-pumped (EB-pumped) vertical cavity surface emitting laser
(VCSEL) has an important demand for the distributed Bragg reflector (DBR) with an emission window at
the working wavelength called l-cavity. Herein, AlGaN-based UV-C band DBRs with l-cavities around
280 nm are designed and investigated in detail, which have almost no been reported so far. The DBRs
based on alternate stacked Al0.47Ga0.53N/AlN bilayers are in-situ grown by low-pressure metal-organic
chemical vapor deposition (LP-MOCVD). Through a comprehensive protocol of structure optimization by
theoretical simulation, epitaxial growth and in-depth characterization and analysis, a high-performance
UV-C band DBR with a l-cavity around 280 nm is successfully fabricated. The DBR presents a reflectivity
as high as 81.3% at the l-cavity, a maximum reflectivity of 89.8% at 282 nm and a stopband with a full-
width at half-maximum (FWHM) of 24.7 nm, laying a foundation for developing the external cavity
structure EB-pumped AlGaN-based UV-C VCSELs emerging as a promising alternative to the electrically
pumped AlGaN-based UV-C lasers.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

So far, the emission wavelength of the practical semiconductor
lasers has completely covered the full visible spectrum, and the
quantum cascade lasers based on the principles of electrons con-
ducting intersubband transition in the quantum wells and the
phonon-assisted resonant tunneling have also expanded the
achievable wavelength range to the infrared and the terahertz re-
gimes [1e3]. However, as the application field expands rapidly
nowadays, it is of great urgency to develop the short-wavelength
semiconductor lasers, especially the UV-C band semiconductor la-
sers. The reason can be ascribed to their broad application pros-
pects and a hugemarket demand in bothmilitary and civilian fields,
such as free-space confidential optical communication, laser
lighting, new-generation ultra-high-density optical storage, fine
micromaching, high-resolution spectral analysis, biomedical diag-
nosis, scientific research and so on [4e7].

The wide direct bandgap semiconductor materials are
considered as the core materials for the preparation of UV-C lasers.
Among them, group-III nitride semiconductors are widely con-
cerned not only because they have stable physical and chemical
properties, high intersubband transition probability, but also
because they have relatively large exciton binding energy and large
exciton recombination probability that make excitons in the
semiconductors have strong luminescent transition even at room
temperature [8]. Recent breakthroughs mainly include high quality
GaN epitaxial growth and its controllable conductive type, which
promote the development of group-III nitride semiconductor op-
toelectronic devices, especially in the fields of high-power light-
emitting diodes (LEDs) [9e13] and laser diodes (LDs) [14e16].
However, the wavelength of the electrically pumped LDs based on
group-III nitride semiconductors maturely developed and widely
used nowadays mainly involves in the blue and near-ultraviolet
spectral ranges [17e19]. In fact, it is well known that in order to
realize UV-C lasing, the bandgap of the semiconductor must meet
the requirements. Fortunately, as one of the most important
members of group-III nitride semiconductor family, the bandgap of
the ternary alloy AlGaN material can be continuously tuned from
3.4 eV of GaN to 6.2 eV of AlN [20] by adjusting the composition of
the aluminum, and the emission wavelength covers the spectral
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range between 365 nm and 200 nm. When the composition of
aluminum in AlGaN is higher than 45%, its bandgap will meet the
UV-C band. Therefore, AlGaN has become a promising choice for
the development of UV-C lasers.

Unfortunately, there are two major reasons that restrict the
development of electrically pumped AlGaN-based UV-C lasers. One
arises from the poor internal quantum efficiency (IQE). High-
density dislocations (>109/cm2) are produced in high Al compo-
nent AlGaN materials prepared by heteroepitaxy due to the lattice
mismatch, which act as nonradiative recombination centers in the
AlGaN-based optoelectronic devices, thus inhibiting their IQE
[21e23]. The other is the low carrier injection efficiency (CIE)
caused by the low hole concentration in p-type AlGaN, which
directly degrades the hole-related transport property. Generally,
thewider the bandgap of AlGaN is, the deeper the activation energy
of acceptor becomes [24], which has been confirmed in Mg-doped
GaN (160 meV) and AlN (510 meV) [25,26]. As a result, only low
hole concentration can be obtained in high Al component AlGaN
even if the concentration of magnesium acceptor is high enough,
viz., the p-type doping in high Al component AlGaN has always
been the technical bottleneck for the development of electrically
pumped AlGaN-based UV-C lasers.

Differing from the electrically pumped structure, the electron-
beam (EB) pumping method using a structure similar to a field
emission display is proposed as a promising alternative [24,27],
which is unrestrained by the p-n junction. The active layer so-called
the pumping target can be a single semiconductor layer or a low-
dimensional structure material such as multiple quantum wells
(MQWs) and superlattices (SLs). To date, it has been successfully
applied to UV-C light emitting. Oto et al. have realized a light output
power of 100 mW and a power efficiency of ~40% at ~240 nm from
Al0.69Ga0.31N/AlN MQWs pumped by EB [24]. Fukuyo and his col-
leagues have obtained EB-pumped deep-UV light emission from Si-
doped AlGaN MQWs, and an output power of over 15 mW at
256 nm, corresponding to a conversion efficiency over 0.75% was
achieved [28]. Tabataba-Vakili et al. have used the pulsed EB with
energy of 12 keV and current of 4.4 mA to excite AlGaN-based
MQWs and realized a peak optical output power of over
200 mW at 246 nm [29]. Jmerik et al. have reported EB-pumped
235 nm ultraviolet emitters based on ultra-thin GaN/AlN MQWs
and achieved a maximum efficiency of 0.75% [30]. The great
progress of EB-pumped AlGaN-based UV-C light source not only
proves that EB-pumpingmethod is an effectiveway to get rid of the
technical bottleneck made by p-AlGaN, but also provides an
important reference for the research on EB-pumped AlGaN-based
UV-C laser. Although the crystal quality of the AlGaN-based semi-
conductor as the pumping target has been improved dramatically
by means of modified migration-enhanced epitaxy (MEE), enabling
the IQE at room temperature to reach up to 70% at 280 nm [31] and
50% at 250 nm [32], there are still limited reports on the EB-
pumped AlGaN-based UV-C VCSELs. Even the most recently re-
ported EB-pumped short-wavelength lasers are only in the UV-A
region [33,34]. The issue can be ascribed to the lack of UV-C band
optical resonator suitable for the EB-pumping structure, which
confines the light to a certain volume through resonant recircula-
tion so as to achieve wavelength selectivity and energy
enhancement.

As to the EB-pumping structure, an electron beam source is
configured to generate the electron beam incident to the deep-
ultraviolet (DUV) MQWs active region grown on the AlN layer by
heteroepitaxy. In order to construct a current path between the
electron beam source and the active region and avoid charge
accumulation, an electrical contact layer must be deposited on the
surface of the active region. In this case, the external cavity struc-
ture (as shown in Fig. S1 in Supporting Information) is the best
choice for the optical resonator, as demonstrated byWunderer et al.
[35]. In our proposed structure, the external reflector (the first
reflector) can be a full-reflection dielectric DBR with a reflectivity
exceeding 99% in the UV-C band. It is easily obtained from alternate
stacked high- and low-refractive index dielectric materials, such as
fluorides (LaF3/AlF3 or LaF3/MgF2) and oxides (Al2O3/SiO2 or HfO2/
SiO2) [36,37]. The DUVMQWs active region is spaced apart from the
first reflector by an external cavity and is adjacent to the second
reflector, which is a partial-reflection reflector with an emission
window at the working wavelength, so called l-cavity or cavity
mode. As a critical component in constructing the optical resonator,
the most effective solution is that a DBR based on AlGaN-based
semiconductors in-situ grown on the side of the active region
serves as the second reflector. However, its development is mainly
confined to the visible and long-wavelength UV regions [38,39],
only a few reports on the high-reflectivity DBRs in the UV-C region
[40e45]. So far, almost no AlGaN-based UV-C DBR with a l-cavity
has been reported.

Herein, for the bottleneck restricting the development of elec-
trically pumped AlGaN-based UV-C VCSELs, a promising alternative
by EB-pumping scheme is proposed. Based on the requirement for a
DBRwith a l-cavity in the proposed EB-pumped AlGaN-based UV-C
VCSEL, the AlGaN-based UV-C band DBR is designed and studied in
detail. The evolutions of the refractive index (n) as a function of the
wavelength for both AlN and Al0.47Ga0.53N alloys are demonstrated
at first, which provide important parameters for designing and
simulating alternate stacked Al0.47Ga0.53N/AlN DBRs with l-cavities
around 280 nm. Then, the related Al0.47Ga0.53N/AlN DBRs with
different cycles are prepared by low-pressure metal-organic
chemical vapor deposition (LP-MOCVD). Through the effective
combination of theoretical simulation, experimental verification
and in-depth characterization and analysis, a high-reflectivity UV-C
band Al0.47Ga0.53N/AlN DBR with a l-cavity around 280 nm and a
stopband with a full-width at half-maximum (FWHM) of about
24.7 nm is successfully fabricated, laying a foundation for the
development of the external cavity structure EB-pumped AlGaN-
based UV-C VCSELs.

2. Experimental details

2.1. Epitaxial growth of nitride semiconductors

The epitaxial growth was carried out by LP-MOCVD. The
monolayer AlN and AlGaN materials were prepared for measuring
the relationships between their refractive index (n) and the
wavelength. The monolayer AlN material with a thickness of ~1 mm
was grown on 2-inch double-polished c-plane sapphire (DP-sap-
phire). It was prepared by the method of introducing one cycle of
the mesothermal AlN (MT-AlN) interlayer on the basis of the
traditional two-step growth process (ref. 22) using trimethylalu-
minium (TMAl) and ammonia (NH3) as Al and N precursors and
hydrogen (H2) as the carrier gas. The monolayer AlGaN with a
thickness of ~1.5 mm was grown on the AlN/DP-sapphire template
by supplying additional trimethylgallium (TMGa) along with the
TMAl and NH3 at 1180 �C and the reactor chamber pressure was
50 mbar. AlGaN/AlN superlattices (SLs) with different cycles were
fabricated on the AlN/DP-sapphire templates by periodically
switching TMGa source on and off at the same growth condition as
the monolayer AlGaN. The thicknesses of AlGaN and AlN in each
cycle were controlled to be 38 nm and 19 nm, respectively.

2.2. Characterization and measurement

All of the cross-sectional images were characterized using a
scanning electron microscope (SEM, Hitachi S-4800). The 2q-u
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diffraction patterns and the asymmetrical reciprocal space map-
ping (RSM) images around the (1015) reflection of the materials
were obtained by high-resolution X-ray diffractometer (HRXRD,
Bruker D8) with a Cu Ka1 radiation (l¼ 0.15406 nm). The refractive
index values for monolayer AlN and AlGaN were determined by
spectroscopic ellipsometry (SE, Semilab GES5E). Both of the SE
experimental data were fitted by CompleteEASE software (J.A.
Woollam Co., Inc.) using a parametric semiconductor model to
reproduce their optical properties. The PL spectra were character-
ized by a spectrophotometer equipped with a 50 mW 213-nm-
wavelength Nd:YAG deep UV laser as the excitation source. The
reflection spectra were measured at room temperature using a
UVeViseNIR spectrophotometer (Hitachi UH4150) and calculated
using a commercial simulator (Macleod) for comparison.
3. Results and discussion

3.1. Characterization and measurement of AlN and AlGaN

Fig. 1 (a) and (b) show the cross-sectional SEM images of the
bistratal AlGaN/AlN and monolayer AlN grown on c-plane sapphire
substrates by LP-MOCVD. Each corresponding structure is also
shown in inset. The growth process is described in the experi-
mental section in detail. Fig. 1 (c) and (d) show the 2q-u scanning
patterns for both bistratal AlGaN/AlN and monolayer AlN layers by
HRXRD. As can be seen in Fig. 1 (c), there is one more peak located
at 35.24� in addition to the peak of AlN located at 36� (Fig. 1 (d)),
which corresponds to the AlGaN layer, and the Al component of the
AlGaN layer can be evaluated to be 0.47 by the joint of the Bragg’s
law, the Vegard law, and the interplanar spacing equation for
hexagonal system given by Refs. [27,46,47].

2dðhklÞ , sinqðhklÞ ¼ nl (1)

1
.
d2ðhklÞ ¼4

�
h2 þhkþ k2

�.
3a2 þ l2

.
c2 (2)

x¼ðcGaN � cAlGaNÞ = ðcGaN � cAlNÞ (3)

where l is on behalf of the wavelength of the Cu Ka1 radiation. n is
the diffraction order. h, k, and l represent the Miller indices of the
diffraction plane. dðhklÞ and qðhklÞ are on behalf of the interplanar
spacing and the angle between the incident light and the (hkl)
plane, respectively. The a and c are the lattice parameters of the
Fig. 1. (a) Cross-sectional SEM image of AlGaN/AlN epilayers grown on a c-plane sapphire su
an AlN epilayer grown on a c-plane sapphire substrate. The inset shows its structure. (c) and
of AlGaN can be evaluated to be 47%. (e) Evolutions of the refractive index (n) as a function
hexagonal system. The x is the Al component of the AlGaN. The
cAlGaN is on behalf of the c lattice parameter of AlGaNwhile cGaN and
cAlN represent that of the fully relaxed bulk GaN and AlN, which
have been identified as 0.31891 nm and 0.31127 nm, respectively
[48].

The evolutions of the refractive index (n) as a function of the
wavelength for both monolayer AlN and Al0.47Ga0.53N alloys are
determined by spectroscopic ellipsometry based on measuring the
variation of the polarization of light upon reflection from the sur-
face and interface of the thin film [49]. In order to accurately extract
the refractive index of the Al0.47Ga0.53N layer, the AlN layer beneath
is preliminarily studied, and its determined thickness and the
refractive index are used for the subsequent characterization of the
Al0.47Ga0.53N layer. As can be seen in Fig. 1 (e), the refractive index
values of the AlN and Al0.47Ga0.53N layers vs. wavelength are
summarized in the range of 260 nme800 nm. The results show that
the refractive indices of the AlN and Al0.47Ga0.53N films increase
with the increase of photon energy and decrease with the increase
of bandgap due to the increase of Al component. An obvious
refractive index peak can be observed in the refractive index
spectrum located at around 280 nm, which is caused by the
intrinsic absorption of Al0.47Ga0.53N, basically in accordancewith its
bandgap. From Fig. 1 (e), the refractive indices of the AlN and
Al0.47Ga0.53N under specific photon energy can be obtained for
constructing alternate stacked Al0.47Ga0.53N/AlN DBRs.
3.2. Structure design and simulation of the AlGaN-based UV-C DBR

Herein, for the purpose of fabricating a UV-C band DBR with a l-
cavity around 280 nm based on alternate stacked Al0.47Ga0.53N/AlN
structure, the mean thicknesses (t) of AlN and Al0.47Ga0.53N layers
in one period can be estimated by the formula of t ¼ l=4n, where l
is the center wavelength of the Al0.47Ga0.53N/AlN DBR, and n is the
refractive index of AlN or Al0.47Ga0.53N under the center wave-
length, which can be acquired from Fig. 1 (e). The refractive indices
for AlN and Al0.47Ga0.53N around a center wavelength of 280 nm are
measured to be 2.234 and 2.571, respectively. Thus, the theoretical
thickness of each Al0.47Ga0.53N/AlN bilayer can be calculated as
approximately 31/27 nm. The schematic diagram of the
Al0.47Ga0.53N/AlN DBR grown on top of an AlN template is
demonstrated in Fig. 2 (a). Based on the structure, the reflection
spectrum is simulated and optimized by the standard transmission
matrix method [50] using themeasured refractive indices shown in
Fig. 1 (e). Fig. 2 (b) and (c) show the simulated reflection spectra for
bstrate. The corresponding structure is shown in inset. (b) Cross-sectional SEM image of
(d) XRD (0002) plane 2q-u scanning curves for (a) and (b), respectively. The Al content
of the wavelength for both AlN and Al0.47Ga0.53N alloys.



Fig. 2. (a) Schematic diagram of Al0.47Ga0.53N/AlN DBR grown on top of an AlN tem-
plate. Calculated reflection spectra for 59.5 pairs Al0.47Ga0.53N/AlN DBR (b) with
different thickness of Al0.47Ga0.53N when the thickness of AlN layer is 27 nm, (c) with
different thickness of AlN when the thickness of Al0.47Ga0.53N layer is 31 nm, (d) with
different thickness of Al0.47Ga0.53N when the thickness of AlN layer is 19 nm.
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59.5 pairs Al0.47Ga0.53N/AlN DBR on the 1-mm-thick AlN layer with
the thickness of Al0.47Ga0.53N layer changing from 23 nm to 39 nm
when that of AlN layer is fixed at 27 nm and with the thickness of
AlN layer changing from 18 nm to 36 nmwhen that of Al0.47Ga0.53N
layer is fixed at 31 nm, respectively. As can be seen in Fig. 2 (b), to
keep the thickness of AlN layers at 27 nm, the thickness of
Al0.47Ga0.53N layer is changing around the theoretical value of
31 nm. By increasing the thickness of Al0.47Ga0.53N from 23 nm to
39 nm, the reflection spectrum of the DBR gradually evolves from
two discrete reflection peaks to one with an emission window, and
finally merges into one reflection peak with a pronounced stop-
band. In this process, the reflectivity at the center wavelength
gradually increases. When the stopband is formed, the center
wavelength of DBR has a red shift and deviates from the designed
value, though the reflectivity is high. In Fig. 2 (c), the thickness of
the Al0.47Ga0.53N layers is kept at 31 nm, the reflectivity of the DBR
follows the evolution rule in Fig. 2 (b) when the thickness of AlN
changes from 18 nm to 36 nm. The difference lies in the variation
trend of the reflectivity intensity. Based on the analysis and a series
of simulations, the optimized theoretical thickness for the 59.5
pairs Al0.47Ga0.53N/AlN UV-C band DBR with a l-cavity around
280 nm is obtained in Fig. 2 (d). The optimal thicknesses of AlN and
Al0.47Ga0.53N layers are calculated to be 19 nm and 38 nm,
respectively, resulting in the formation of a 24-nm-width stopband
with a l-cavity around 280 nm. The reflectivity at 280 nm reaches
up to 80%.
Fig. 3. Cross-sectional SEM images of Al0.47Ga0.53N/AlN DBRs with different cycles
grown on AlN templates (a) 19.5-pairs, (b) 39.5-pairs, and (c) 59.5-pairs. The partial
enlarged images of all samples are shown on the right side of each.
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3.3. Characterization and analysis of the AlGaN-based UV-C DBR

On the basis of theoretical optimal calculation, the Al0.47Ga0.53N/
AlN DBRs with different cycles are grown on the 1-mm-thick AlN
templates under the same conditions by controlling the thicknesses
of Al0.47Ga0.53N and AlN at about 38 nm and 19 nm, respectively.
Fig. 3 shows the cross-sectional SEM images of Al0.47Ga0.53N/AlN
DBRswith the cycles of 19.5, 39.5 and 59.5, respectively. All samples
present a clear and homogeneous layered stack, featuring a con-
stant periodic thickness distribution along the c-axis. The thickness
of one cycle Al0.47Ga0.53N/AlN roughly estimated from the total
thickness of the DBR and the number of cycles and the thickness of
Al0.47Ga0.53N (dark streak) almost twice as thick as that of AlN
(bright streak) in the partial enlarged images of Fig. 3 can prove the
prepared Al0.47Ga0.53N/AlN DBR is basically in accordance with the
design.

In order to investigate the crystalline quality and the strain
evolution of the epitaxial Al0.47Ga0.53N/AlN DBRs with different
cycles, the 2q-u diffraction patterns of the (0002) plane and the
asymmetrical RSM images around the (1015) reflection are
measured by HRXRD, as shown in Fig. 4 (a)e(d). As seen in Fig. 4 (a),
multi-order satellite peaks originated from the periodic bistratal
structure are clearly observed in the (0002)-plane 2q-u scanning
curves of three samples, indicating that the DBRs exhibit good
periodicity and clear interfaces, as demonstrated by SEM images. As
the number of cycles increases, the number of the satellite peaks
increases along both ends of the 2q-axis. In Fig. 4 (b)e(d), each of
Fig. 4. (a) The 2q-u scanning curves of the (0002) plane and (b) the asymmetrical RS
the RSMs around (1015) reflection presents a well-resolved main
peak which is in accordance with the AlN. The diffraction from the
DBR results in a series of satellite peaks along the qz axis. The axes qx
and qz represent the directions parallel and perpendicular to the
surface of the DBR, which can be used to calculate the in-plane and
out-of-plane lattice parameters of the epilayer and thus to evaluate
its strain state. From Fig. 4 (b)e(d), the reciprocal lattice points
(RLPs), denoted as (qx, qz) for the AlN of all three samples are
evaluated as (�3.708, 10.037). The uniformity is closely related to
their preparation under the same conditions. Since the known RLP
for the full relaxed bulk AlN is (�3.71, 10.037) [22], by contrast, the
AlN templates used in this paper have little in-plane strain (εkÞ that
can be neglected and almost have no out-of-plane strain (ε⊥),
indicating the high crystalline quality of the AlN templates. It can be
said that the DBRs are grown coherently on the almost relaxed AlN
templates. In addition, each of the Al0.47Ga0.53N/AlN DBRs presents
a series of well-resolved sharp satellite peak fringes, further con-
firming its good periodicity and clear interface. However, the sat-
ellite peaks of each sample are distributed along the qz axis with the
same qx, indicating that the entire DBR structure has the same in-
plane lattice parameter. This means that the DBR coherently
grows on the AlN template in spite of suffering from the in-plane
stress caused by the relatively large lattice mismatch between
Al0.47Ga0.53N and AlN. In fact, with the further increase of the
periodicity in the Al0.47Ga0.53N/AlN DBR, the accumulated in-plane
stress will continue to reinforce, and eventually the DBR will
release the stress in the manner of cracking. In other words, the
Ms around the (1015) reflection for Al0.47Ga0.53N/AlN DBRs with different cycles.



Y.R. Chen et al. / Journal of Alloys and Compounds 820 (2020) 1534156
accumulated in-plane strain impedes the growth of periodic DBR
on the AlN template. The limit periodicity for our Al0.47Ga0.53N/AlN
DBRs grown on the AlN templates is around 59.5 pairs, corre-
sponding to a cracking critical thickness of ~3.4 mm. That is why
59.5 cycles are selected in this paper rather than more. Similar
observations have been reported for AlN/Al0.58Ga0.42N DBRs byMoe
et al. [51] and for AlN/Al0.65Ga0.35N DBRs by Franke et al. [43] grown
on the AlN templates, the former cracked for more than 21 cycles
while the later cracked for more than 22 cycles, corresponding to a
critical thickness of ~1.3 mm.

The optical properties of the Al0.47Ga0.53N/AlN DBRs with
different cycles are investigated by room-temperature (RT) PL and
reflection spectrum measurements, as shown in Fig. 5. The PL
spectra of all DBRs exhibit strong near-band-edge emission of
Al0.47Ga0.53N around 280 nm (4.42 eV), as shown in the inset.
Another feature of the PL spectra is the long tail emission extending
from the near-band-edge located at around 284 nm (4.37 eV). It is
caused by the band structure deformation due to the crystal lattice
deformationwhich is originated from the effect of the accumulated
in-plane strain in the DBR. The near-band-edge emission and its
long tail result in a FWHM of about 9 nm for all PL peaks. It is worth
noting that, with the period of the Al0.47Ga0.53N/AlN DBR increasing
from 19.5 to 59.5, the corresponding near-band-edge emission and
its long tail in the PL spectrum occur a slight offset. More specif-
ically, as the number of alternate stacked Al0.47Ga0.53N/AlN cycles
increases, the near-band-edge emission peak of the DBR has a slight
red shift (related variation trendmarked by orange dash line) while
the long tail has a slight blue offset (marked by green dash line),
which can be also ascribed to the effect of the accumulated in-plane
strain in the DBR. In Fig. 5, the RT normal incidence reflection
spectra for 19.5-pair, 39.5-pair, and 59.5-pair Al0.47Ga0.53N/AlN
DBRs are presented. The modeled reflection spectrum for 59.5-pair
Al0.47Ga0.53N/AlN DBR (black dash curve), in accordance with the
blue curve in Fig. 2 (d), is provided for comparison. As can be seen,
the simulation result is in good agreement with the experimental
result for the 59.5-pair DBR. All the experimental reflection spectra
consist of a stopband with a l-cavity located at around 280 nm and
clear interference fringes at the low-energy side of the DBR stop-
band. The absence or inconspicuousness of interference fringes at
the high-energy side indicates an obvious fundamental absorption
[42]. The reflectivity of the Al0.47Ga0.53N/AlN DBR at the l-cavity
improves from 45.6% of the 19.5-pair sample to 81.3% of the 59.5-
Fig. 5. Experimental reflection spectra for Al0.47Ga0.53N/AlN DBRs with different cycles.
The black dash curve is the theoretical reflection spectrum of 59.5-pair Al0.47Ga0.53N/
AlN DBR with the thicknesses of Al0.47Ga0.53N and AlN are 38 nm and 19 nm,
respectively. The inset shows the corresponding PL spectra for the Al0.47Ga0.53N/AlN
DBRs with different cycles.
pair one, and the stopband FWHMs for 19.5-pair, 39.5-pair, and
59.5-pair are about 24.4 nm, 24.6 nm and 24.7 nm, respectively. The
maximum reflectivity in the stopband of the three samples is 56.6%
at 288 nm, 74.7% at 286 nm, and 89.8% at 282 nm in sequence,
indicating that the stopband is slightly shift to the high-energy side
when the number of the Al0.47Ga0.53N/AlN cycles increases, which
can be originated from the accumulated in-plane strain.

4. Conclusions

In summary, for the purpose of developing the proposed
external cavity structure AlGaN-based UV-C band VCSELs by EB-
pumping scheme, it is urgent to design and fabricate high perfor-
mance UV-C band DBRs with l-cavities. In this paper, the mono-
layer AlN and Al0.47Ga0.53N are firstly prepared by LP-MOCVD and
their relationships between the refractive index and the wave-
length are investigated, which provide important parameters for
constructing alternate stacked structure Al0.47Ga0.53N/AlN DBRs
with l-cavities around 280 nm. Then, the structural parameters of
the Al0.47Ga0.53N/AlN DBRs are optimized by theoretical simulation.
Based on the optimal parameters, the related Al0.47Ga0.53N/AlN
DBRs with different cycles are fabricated by LP-MOCVD and carried
out detailed characterization and performance analysis. Through
the effective combination of theoretical simulation and experi-
mental verification, a 59.5-pair UV-C band Al0.47Ga0.53N/AlN DBR
with a l-cavity around 280 nm is successfully developed, which has
a reflectivity up to 81.3% at the l-cavity, a maximum reflectivity of
89.8% at 282 nm and a stopband FWHM of 24.7 nm. This research
lays a foundation for the development of the external cavity
structure EB-pumped AlGaN-based UV-C band VCSELs.
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