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1 Introduction

AlGaN-based IlI-nitrides with a wide direct energy
bandgap tunable from 3.45 (GaN) to 6.28 eV (AIN)
exhibit excellent performance in both electronic and
optoelectronic devices such as high-frequency high
electron mobility transistors (HEMTs) [1, 2], high-
sensitivity detectors, and deep ultraviolet light-emit-
ting diodes (DUV-LEDs). In particular, AlGaN-based
DUV-LEDs have a wide range of potential applica-
tions, such as UV sterilization, medical diagnostics,
and water/air purification [3-5]. Up to now, AlGaN-

ABSTRACT

The AlGaN-based deep ultraviolet light-emitting diodes (DUV-LEDs) with a
newly developed composite last quantum barrier (CLQB) were studied exten-
sively. The CLQB was composed of a conventional undoped last quantum
barrier (u-LQB) and an extra Mg-doped last quantum barrier (p-LQB). It was
demonstrated that the light output power of the DUV-LED could be improved
significantly by inserting the p-LQB to form the CLOB with carefully optimized
Mg-doping level. In fact, the light output power of the AlGaN-based DUV-LED
with the optimized CLQB increased by approximately 30% as compared with
the DUV-LEDs fabricated without the insertion of the p-LOB at an injection
current of 40 mA. Furthermore, it was revealed that the increase in light output
power could be ascribed to the introduction of the CLQB, which attenuated the
electrical current leakage and increased the hole injection efficiency.

based IlI-nitrides grown along the polar ¢ [0001]
direction have been widely used in the research and
fabrication of DUV-LEDs. Because the polar AlGaN-
based epi-layers with high crystalline quality are
easier to obtain than their counterparts with other
orientations. The internal quantum efficiency (IQE) of
these devices can be severely affected by the quan-
tum-confined Stark effect (QCSE) due to the existence
of the spontaneous polarization and the lattice-mis-
match-induced piezoelectric polarization [6, 7].
However, the external quantum efficiency (EQE) of
DUV-LED grown along the polar c [0001] direction is
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still approximately an order of magnitude higher
than the DUV-LEDs with other orientations. How-
ever, the light output power of the DUV-LED:s is still
limited by the poor IQE, low carrier injection effi-
ciency, and lousy EQE [8-11]. In particular, it remains
a challenge to confine the electrons effectively, while
injecting sufficient holes into the active region of the
DUV-LED for enhancing the IQE.

So far a variety of innovative methods have been
developed to improve IQE, including (1) reducing
defects and dislocations in the epitaxial layers
[12, 13]; (2) increasing the doping efficiency of n-type
and p-type materials to form conductive films for
improving current injection efficiency [14, 15]; and (3)
the use of novel AlGaN-based quantum well and
barrier structure in the active region [16-18]. In
addition, researchers have performed various kinds
of energy band engineering works to improve IQE,
prevent current leakage, and reduce light output
power drop during high current injection process.
Liu et al. reported a great enhancement in light
extraction efficiency for DUV-LED by using a novel
AlGaN-delta-GaN QW structure instead of a con-
ventional AlGaN QW structure based on their sim-
ulation results [19]. Ren et al. summarized the recent
progress in energy band engineering of the DUV-
LEDs, with particular attention paid to the band
engineering of electron blocking layers, quantum
wells, and quantum barriers, and to the implemen-
tation of many novel structures such as tunnel junc-
tions and ultra-thin quantum heterostructures
utilized to enhance the efficiency [20]. Hao et al.
reported the improvement in the current injection
efficiency via controlling the relaxation of strains in
the p-AlGaN hole injection layer (HIL) and the elec-
tron blocking layer (EBL) [21]. Liu et al. reported the
use of a composition-graded AlGaN layer as the LQB,
replacing the conventional flat LOB to reduce the
effective barrier height for improving the hole injec-
tion and electron blocking ability [22]. Zhang et al.
modified the conventional p-type electron blocking
layer (p-EBL) structure by adding a very thin (~ 3
nm) AlGaN layer [18] or superlattice (SL) [23] or
multiple quantum barrier (MQB) structure [23] to
improve the hole transport capability. Shih et al.
designed an EBL featured with a graded-composition
and multi-quantum barrier structure to promote the
capabilities of both electron confinement and hole
injection, and the light output power [24]. He et al.
used an Al,Ga;_,N carrier reservoir layer instead of
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the conventional single undoped last quantum bar-
rier to enhance the IQE and alleviate the efficiency
droop phenomenon [25]. In spite of these efforts, the
IQE of AlGaN-based DUV-LED:s is still far below that
of the GaN-based blue LEDs. Therefore, the IQE of
AlGaN-based DUV-LEDs needs to be further
enhanced to replace the toxic mercury lamps as the
UV light sources for practical applications.

In this study, the impact of the newly developed
Mg-doped composite last quantum barrier (CLQOB)
comprising a conventional undoped last quantum
barrier layer (u-LQB) and an extra Mg-doped last
quantum barrier layer (p-LQB) on the light output
power and other characteristics of the AlGaN-based
DUV-LEDs was investigated intensively. The char-
acterization results reveal that a significant increase
in light output power of the AlGaN-based DUV-
LEDs could be achieved by employing the CLQOB
with optimized Mg-doping level.

2 Experimental

All the AlGaN-based DUV-LED samples used in this
study were grown on 2-inch (0001) c-plane sapphire
substrates in a vertical low-pressure cold-wall metal
organic chemical vapor deposition (MOCVD) system.
Ammonia (NHj3), silane (SiHy), trimethyl-aluminum
(TMAL), trimethyl-gallium (TMGa), and bicyclopen-
tadienyl-magnesium (Cp,Mg) were used as the pre-
cursors for N, Si, Al, Ga, and Mg, respectively.
Hydrogen (H,) was used as the carrier gas. At the
beginning of the MOCVD growth process, the
c-plane sapphire substrate was heated up to 1060 °C
to remove the surface contamination for all the
samples in H, atmosphere. Then, the temperature
was lowered down to 750 °C to grow a low-temper-
ature (LT) AIN nucleation layer. After that, a 2.5-pm-
thick AIN buffer layer was grown in three steps. At
the first step, the growth of the AIN buffer layer was
initiated at a temperature of 1250 °C with a V/III
ratio of 570. The growth of the AIN epi-layer pro-
ceeded and did not start the second step until the
layer thickness reached a value of 750 nm. Then, the
V/1II ratio was decreased to 285 and the temperature
was decreased to 1220 °C to continue growing 1.2 pm
thick more AIN film. Subsequently at the third step,
the last 550 nm-thick AIN buffer layer was grown
with the V/III ratio identical to that used at the sec-
ond step and the temperature set to 1200 °C. The rest
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layer structure of the AlGaN-based DUV-LED was
composed of a 30-period undoped AIN/Aljs55Gag 45N
superlattice (SL) which was followed by a 2.5-um-
thick n-Alj ¢sGag 32N epi-layer and 6 pairs of multiple
quantum wells (MQWs) comprising 1.6-nm-thick
Alg34GageN wells and 12-nm-thick Al s50Gag 41N
barriers. After that, the composite last quantum bar-
rier (CLQB) comprising a 14-nm-thick undoped
Aly50Gap 41N last quantum barrier (u-LQB) and an
extra 6-nm-thick p-Alys0Gags; N last quantum bar-
rier with Mg-doped at various levels (p-LQB) was
grown over the MQWs. Next, 4 periods of Mg-doped
p-AlosGagaN /Al 4Gap 6N SL EBL were grown on the
CLQB. Finally, an Al composition-graded Mg-doped
p-AlGaN layer and a Mg-doped p-GaN contact layer
were grown on the EBL. The schematic layer struc-
ture of the AlGaN-based DUV-LEDs is shown in
Fig. 1. Six samples named as samples A-F were
grown in this study. Sample A was used as the ref-
erence sample which had only 14-nm-thick LOB. The
6-nm-thick Mg-doped p-Alps0Gaga1 N last quantum
barrier (p-LOB) was inserted in between the undoped
14-nm-thick Alp50Gag.41N (u-LOB) and the Mg-doped
SL EBL for samples B-F. And samples B-F were
grown with the Cp,Mg flow rate of 0.03, 0.05, 0.08,
0.12, and 0.16 pmol/min, respectively. The activation
of Mg-doped epi-layers for all the AlGaN-based
DUV-LED samples was executed with the thermal
annealing technique at 700 °C for 15 min in nitrogen
ambient. The six AlGaN-based DUV-LED samples

100 nm-thick p-GaN
20 nm-thick Al-graded p-AlGaN

4 periods
p-Aly ¢Gay N/ Al 4Ga, N SL EBL

]—CLQB

{ 14 nm-thick u-LQB

6 pairs Al ;,Ga (N /Al 5,Gay N
(1.6 nm /12 nm) MQWs

2.5 pm-thick n-Al,Ga,;,N

30 periods AIN/AI, s;Ga 4N SL

LT-AIN nucleation laier

Fig. 1 The schematic layer structure for the AlGaN-based DUV-
LED samples B-F grown with the insertion of Mg-doped p-LQB.
The reference sample (sample A) has nearly the same layer
structure as samples B—F except for the lack of the p-LQB layer
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A-F were characterized at room temperature (RT) by
using electroluminescence (EL) and photolumines-
cence (PL) spectra in addition to electrical current-
voltage (I-V) measurement. The excitation wave-
length for the PL measurement was 244 nm, and both
the PL and EL spectra were measured from the
p-contact side of the LED wafer.

3 Results and discussion

The EL spectra for the six DUV-LED samples mea-
sured at RT are shown in Fig. 2. The inserted fig-
ure demonstrates the enlarged EL spectra near 310
nm. Besides the major emission peak near 275 nm, an
unambiguous parasitic emission peak located at
approximately 310 nm can be observed for all the
samples except for sample A. And it is evident that
the EL intensities of these parasitic emissions are
strongly dependent on the Mg-doping level. In fact,
the more Mg is incorporated, the larger the parasitic
emission peak intensity is. However, until now there
are quite a lot explanations or speculations for the
physical origin of this parasitic emission. Zhang et al.
believed that the parasitic emission was related to the
injected electrons into the p-AlGaN layer of the
device structure [26]. Shatalov et al. pointed out that
the long-wavelength emission band centered at 330
nm was caused by the carrier recombination from the
conduction band to the deep acceptor levels in the
energy bandgap of the p-AlGaN layer at RT [27].
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Fig. 2 The normalized RT EL spectra of sample A and samples
B-F with p-LQB doped with the Cp,Mg flow rate of 0.03, 0.05,
0.08, 0.12, and 0.16 pumol/min, respectively
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As shown in Fig. 2, the sub-band parasitic emission
was not observed in the EL spectrum of sample A
grown without the CLQB, whereas the sub-band
parasitic emission was remarkable in the EL spectra
for all the other samples with the CLQB including
sample B which was just slightly doped with Mg.
And the I-V data for sample B grown with the p-LQB
doped at a Cp,Mg flow rate of 0.03 pmol/min are
shown in Fig. 3. The overflow of electrons from the
quantum wells of the active region into the p-LOB
layer and the subsequent recombination of electrons
and holes in the p-LQB layer are considered in this
study to be responsible for this parasitic emission.
Similar phenomenon was also observed in the PL
spectra shown in Fig. 4 although the PL intensity
ratio of the parasitic emission vs. the major emission
was generally smaller than that in the EL spectra. The
inserted figure is the enlarged PL spectra near 310
nm. The EL and PL intensity ratios of the parasitic
emission peak vs. the major emission peak for sam-
ples A-F are summarized in Table 1. This result can
be explained in terms of the less number of the
excited electrons in the quantum well structure and
thus less overflow of electrons into the p-LQB layer in
the measurement process of PL spectrum than that of
the excited electrons in the measurement process of
the EL spectrum.

The energy bandgap of Al,Ga;_,N alloy can be
written as a function of Al composition x:

E,(x) = xEs(AIN) + (1 — x)Eg(GaN) — bx(1 —x), (1)

where the bowing parameter b is 1eV, and the
energy bandgaps of GaN and AIN are 3.45 eV and
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Fig. 3 The I-V characteristic of sample B grown with the p-LQB
doped at a Cp,Mg flow rate of 0.03 pmol/min
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Fig. 4 The normalized RT PL spectra of samples A and samples
B-F with p-LQB doped with the Cp,Mg flow rate of 0.03, 0.05,
0.08, 0.12, and 0.16 pmol/min, respectively

Table 1 The EL and PL intensity ratios of the parasitic emission
peak vs. the major emission peak for samples A—F

Sample A B C D E F
RgL 0.000 0.025 0.036 0.063 0.107 0.146
Rpp 0.000  0.007 0.013 0.038 0.063 0.068

6.28 eV, respectively. The band offset of the AlGaN
alloy with respect to GaN was taken as 70% for
conduction band and 30% for valence band [28]. The
relationship between the Mg acceptor energy level
EA(x), the impurity-related emission energy Eemi(x),
and the nitrogen-vacancy-related energy level of
V' in ALGa;_ N alloy as a function of x can be
expressed as

Eyt: (x) = Eg(x) — Eomi(x) — Ea(3). )

In this study, the Al composition of p-LQB x was
determined to be approximately 59%, i.e., x = 0.59.
According to formula (1), Eg(x) can be calculated to
be 4.88 eV. The energy level of ix'* was known to be
0.26 eV in AIN [29]. E(x) = Egan(Mg?) + Ey, where
the energy level of neutral Mg Eg,n(Mg”) is 0.17 eV
in GaN [30] and Ey = — 0.3AEg(x) = 0.43 eV. There-
fore, Eo(x) = 0.17 + 043 = 0.6 eV, and E..; can be
calculated to be 4.02 eV based on formula (2), corre-
sponding to a wavelength of 308 nm which is very
close to the observed impurity-related emission
wavelength 310 nm. Therefore, the sub-band parasitic
emission peak should be originated from the
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impurity-related transition. The energy band struc-
ture and the energy levels associated with Vy'"
donor and Mg” acceptor together with the optical
transition between Eyi. and Ey» in GaN and Mg-

doped Alp59Gag.41N p-LOB are shown in Fig. 5a. [31]
And the schematic diagram of the energy band
lineup near the p-CLOB is shown in Fig. 5b.

On the other hand, the relationship between the
light output power and the injection current (L-I)
under the application of DC power is shown in
Fig. 6a. To facilitate the comparative analysis of the
experimental results, the light output power of sam-
ple B obtained at 60 mA is taken as the basis, and the
light output power of other samples is normalized
based on this power. It can be seen clearly from
Fig. 6a that the difference in light output power
between samples A-F is quite small at low injection
currents. However, when the injection current is
above 30 mA, the impact of the introduction of the
CLQB on the light output power of the AlGaN-based
DUV-LED becomes apparent. In particular, as shown
in Fig. 6b, under an injection current of 40 mA, a
steep 30% increase in light output power of the
device was achieved when the Cp,Mg flow rate was
increased from 0 for sample A to 0.03 pmol/min for
sample B with slightly Mg-doped p-LQB. However,
the light output power decreases monotonously as
the Cp,Mg flow rate was further increased. In fact,
when the Cp,Mg flow rate was increased to 0.08
pmol/min for sample D, the light output power of
sample D was almost the same as that of sample A
grown without the insertion of the p-LQB layer. The
variation trend for the light output power as a

J Mater Sci: Mater Electron (2021) 32:18138-18144

function of the Mg-doping level in the p-LOB can be
explained as follows. On the one hand. the intro-
duction of the CLQB with Mg properly doped in the
p-LOB layer can help to block the overflowing elec-
trons and attenuate the electrical current leakage due
to electron overflow. On the other hand, the p-LQB
can enhance the hole injection efficiency by generat-
ing more holes inside the MQWs, resulting in more
effective radiative recombination and thus higher
light output power than that of the DUV-LED grown
without the CLQB [32-34]. However, as the Cp,Mg
flow rate or Mg-doping level was further increased
(samples C-F), the light output power can decrease
significantly because the excessive Mg-doping in the
p-LOB layer can induce the surge in the impurity-
related sub-band parasitic emissions. Therefore, for
suppressing the sub-band parasitic emissions, the
Mg-doping level for the inserted p-LQB has to be
optimized to achieve the highest light output power
for the AlGaN-based DUV-LEDs.

4 Conclusions

The AlGaN-based DUV-LEDs with a novel CLQB
comprising a conventional undoped last quantum
barrier (u-LQB) and an extra Mg-doped last quantum
barrier (p-LOB) were successfully fabricated. It was
demonstrated that the light output power of the
AlGaN-based DUV-LEDs could be enhanced signifi-
cantly by inserting the p-LQB layer to form the CLQB
with carefully optimized Mg-doping level. In fact, an
approximately 30% increase in light output power
was achieved with the AlGaN-based DUV-LED

(a) ("26(‘\.\ (b) — Conduction band
7 S R 7'y C.B. —— Valence band
0.99 e\'"(70%) """"" === Evzlv+ == ;ﬁt;::‘:::he\'el
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4.02 eV e | A1 4
. 4.88 eV \
3.45eV N\ \ N
MQWs u-LQB p-LQB EBL
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__\. ___________ vy ————— N- - IN- -v-\7>_._>_‘
—— " 0.60 eV Mg® —
0.43 eV (30%) V7V
GaN p-LQB N\/

Fig. 5 The energy band structure and the energy levels associated
with V'™ donor and Mg® acceptor together with the optical
transition between Ev;; and Eyp in GaN and Mg-doped
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Fig. 6 The L-I characteristics of samples A—F (a); the relative light output power as a function of the Cp,Mg flow rate with respect to the
light output power of sample A under an injection current of 40 mA (b)

grown with the optimized CLQB as compared with
the DUV-LED fabricated without the insertion of the
p-LOB or the DUV-LEDs with excessive Mg doped in
the p-LOB layer. Moreover, it was revealed that the
increase in light output power could be ascribed to
the blocking effect of the CLOB to the overflowing
electrons, which attenuated the electrical current
leakage and increased the hole injection efficiency.
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