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Abstract: The hole injection is one of the bottlenecks that strongly hinder the quantum efficiency
and the optical power for deep ultraviolet light-emitting diodes (DUV LEDs) with the emission
wavelength smaller than 360 nm. The hole injection efficiency for DUV LEDs is co-affected by
the p-type ohmic contact, the p-type hole injection layer, the p-type electron blocking layer and
the multiple quantum wells. In this report, we review a large diversity of advances that are
currently adopted to increase the hole injection efficiency for DUV LEDs. Moreover, by disclosing
the underlying device physics, the design strategies that we can follow have also been suggested to
improve the hole injection for DUV LEDs.

Keywords: Ill-nitride semiconductor; multiple quantum well; light-emitting diode; hole injection
efficiency; external quantum efficiency; internal quantum efficiency

1. Introduction

Compared to florescence-based deep ultraviolet emitters, IlI-nitride based deep ultraviolet
light-emitting diodes (DUV LEDs) have shown a diversity of excellences including no mercury,
low-voltage consumption, DC driving, small size and portability, and therefore they can be widely
used in water sterilization, air purification, medical therapy, biological analysis et al. [1,2]. Currently,
DUV LEDs emit the wavelength shorter than 360 nm, for which the external quantum efficiency (EQE)
is still low (<10%) at the current stage. The EQE also continues to decrease as the AIN composition
in the AlGaN quantum well further increases, and in other words, the optical performancefor DUV
LEDs degrades as the emission wavelength is becoming shorter [3]. The poor EQE for DUV LEDs
is ascribed to the low light extraction efficiency which is partly caused by the intrinsic and unique
valence subband properties for the Al-rich AlGaN based quantum wells, i.e., the C-CHI transition
mainly produces TM-polarized DUV photons that propagate in parallel with the [0001]-faced quantum
well plane [4-7]. The C-CH]1 transition becomes more dominant as the emission wavelength further
reduces. Another issue challenging the light extraction efficiency arises from the absorptive substrate
and other passive layers with the energy band gap smaller than the emitted DUV photons [8-10].
The methods which are used to increase the light extraction efficiency have been reviewed and
summarized by Park et al. [2]. Besides the light extraction efficiency, the EQE for DUV LEDs is also
impacted by the internal quantum efficiency (IQE). According to the well-known ABC model [11],
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the IQE is partially determined by the defect-related non-recombination rate. The huge lattice and
thermal mismatches between the sapphire substrate and the subsequent epi-layer cause a very large
threading dislocation density (TDD) which is in the order of 10°~10'° cm~2 and causes the intrinsic
internal quantum efficiency lower than 1% [1,3,12,13]. The Al-rich AlGaN based quantum wells
for DUV LEDs possess no localized states and this makes the radiative emission very sensitive to
the generated dislocations within the multiple quantum wells (MQWs) [1,14]. It is well known that
the Auger recombination rate scales with the cubic power of the carrier density, and it is regarded
as one of the origins causing the efficiency droop for IlI-nitride based blue and green LEDs [15].
However, as Piprek has summarized, the Auger recombination coefficient scales down as the energy
band gap becomes large, e.g., in the case of Al-rich AlGaN quantum wells [16]. Hence, it is not
clear if the Auger recombination plays an important role in influencing the IQE for DUV LEDs at
the current stage [17]. The IQE is directly related to the generated photons from the MQW region.
The generated photon number is decided by the radiative recombination rate, which is formulated by
B x N2 (B denotes the radiative recombination coefficient and N represents the carrier concentration).
The radiative recombination coefficient is remarkably influenced by the polarization induced electric
field in the [0001] oriented AlGaN-based MQWs by means of spatially separating electron and hole
wave functions [18-20]. The other concern comes from the injection efficiency for electrons and
holes [11]. It is worth noting that both Si dopants and Mg dopants have the higher ionization energy
for the Al-rich AlGaN epi-layer [21]. However, considering the even higher Mg ionization energy,
the passivation effect by the hydrogen atoms during the metal organic chemical vapor deposition
(MOCVD) growth and the even lower mobility [22,23], the hole injection and the electron injection
are not synchronized. Note, the electron concentration for the Al-rich n-AlGaN layer can still reach
the level of ~10'8 cm—3, and therefore a satisfied electron concentration in the MQW can still be
acquired [24]. Moreover, the TDD has also been substantially reduced to ~10% cm~2 by improving
the crystal growth technology [25-32], which enables a high intrinsic internal quantum efficiency of
50~80% that is obtained by conducting the low-temperature photoluminescence measurement [3,13].
As a result, a systematic review on the proposals to increase the hole injection capability for DUV LEDs
is essentially necessary at this time. It is also worthy of noting that an enhanced hole concentration in
the MQW region enables a screened polarization induced electric field therein [33].

The schematic structure for a typical AlGaN based DUV LED that is grown on the sapphire
substrate is shown in Figure 1. A thin AIN nucleation layer is firstly grown on the sapphire substrate,
and then an AIN bulffer layer is subsequently grown to form a two-dimensional (2D) film that serves
as the growth template for the following epi-layers. Next, a Si-doped n-AlGaN layer is grown on the
AIN template to provide electrons. The DUV photons are generated by the Al,Ga; _N/Al,Ga;_,N
(x <y) MQWs which are grown on the n-AlGaN layer. To prevent the electron escape from the MQW
region, a p-AlGaN electron blocking layer (EBL) is then grown on the MQW. The AIN composition for
the p-EBL shall be higher than that for the AlGaN quantum barrier. The p-EBL is afterwards capped
with a p-AlGaN/p-GaN heterojunction, which serves as the hole supplier and the p-GaN layer enables
the formation of the p-type ohmic contact at the same time. The AIN composition of the p-AlGaN
region for the hole injection layer is smaller than that of the p-EBL.

Figure 1 shows that the holes firstly are injected into the hole supplier from the p-type ohmic
contact. Then the holes travel across the p-EBL before entering the MQW region. We then will make
discussions uncovering the important factors that limit the hole injection. To guarantee a smooth hole
injection, one shall (1) increase the hole tunneling efficiency from the p-type ohmic contact into the hole
supplier; (2) improve the hole transport within the hole supplier; (3) reduce the hole blocking effect
that is caused by the p-EBL; (4) increase the hole concentration in the MQWs. In this work, we also will
conduct in-depth review on the various proposed approaches to increase the hole injection capability
for DUV LEDs.
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Figure 1. Schematic device architecture for a typical AlGaN based DUV LED and the four key factors
that co-decide the hole injection efficiency. The hole supplier contains the p-AlGaN layer and the
p-GaN layer.

2. Increase the Hole Injection Efficiency from the p-Type Ohmic Contact into the Hole Supplier

The first obstacle that the injected holes have to overcome arises from the p-GaN/p-ohmic contact
interface [34]. One approach to increase the hole injection at the p-GaN/p-ohmic contact interface
is to engineer the p-type metals and improve the intraband tunneling efficiency at the interface.
Normally Ni metal is deposited on the surface of the hole injection layer and then it is annealed in
the ambient of O, to form the p-type NiO, material, which serves as the interfacial layer and is very
helpful to enable the ohmic contact (i.e., the current-voltage curve lacks the rectifying property) [35-37]
while the additional Au metal on the p-type NiOy layer improves the conductivity of the ohmic
contact [38]. The Ni/Au p-type contact has been widely adopted due to the mature deposition and
annealing processes. Chae et al. propose Zn/Ni alloy to further improve the ohmic property and the
transparency [39], since the Zn/Ni alloyed metal serves as the hydrogen collector and can well absorb
the hydrogen that is detached from the Mg—-H bonds during the annealing process. Kalaitzaki et al.
also try Cr and Pd to obtain the p-type ohmic contact [40]. Jang et al. show the effectiveness of Ru,
Ir, Ru/Ir alloy Ir/Ni alloy in improving the p-type ohmic feature [41]. By properly optimizing the
annealing conditions, the outdiffusion of Ga atoms from the p-GaN surface results in a decent number
of Ga vacancies. Ga vacancies can well trap the electrons, and thus the holes are less compensated by
the electrons, resulting in the accumulated hole concentration at the p-GaN surface [42]. The high hole
concentration at the p-GaN surface can remarkably reduce the intraband tunneling region width and
hence improve the hole tunneling efficiency.

From the point view of the device design, the hole injection efficiency at the p-GaN/p-ohmic
contact interface can be improved by properly managing the polarization effect. On one hand,
the increase of the Mg doping efficiency can be realized by adopting a short-period superlattice
structure [43,44]. The ability for the holes to transport from the p-type ohmic contact into the hole
injection layer can be promoted if the superlattice structure is utilized as the ohmic contact layer,
e.g., p-InGaN/GaN superlattice [45], p-GaN/AIN superlattice [46]. However, a p-type material with
a lower energy bandgap has to be capped on the superlattice structure that has a large energy bandgap,
e.g., p-AlxGa;_N/Al,Ga; N (x <y) superlattice with the thin p-AlGa; 4N as the cap layer [47-49],
p-AIN/AlInGaN supperlattice with the thin p-AlInGaN as the cap layer [50-52], which structures are
also able to improve the hole transport within the hole supplier and the relevant discussions will be
conducted subsequently. On the other hand, the enhanced hole injection from the p-type ohmic contact
into the hole supplier for LEDs can be realized by using a polarized cap layer [53-55]. If we take the
[0001] oriented InGaN/p-GaN structure for example (see Figure 2a), the origin for the polarized cap
layer in improving hole injection efficiency lies on the fact that the polarization effect will bend the
energy band of the InGaN layer in the way favoring the intraband tunneling process for the carriers.
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When compared with the p*-GaN as the ohmic contact layer, such energy band bending in the thin
InGaN cap layer is decided by the polarization induced electric field. Thus the surface depletion region
width is precisely determined by the InGaN cap layer thickness. If we make the InGaN cap layer
thin (e.g., 1 nm in this case), the hole tunneling efficiency can be significantly enhanced, leading to
the improved electrical conductivity for the LED with the proposed design (see Figure 2b). Figure 2a
also illustrates that if the InGaN cap layer is further thickened, the surface depletion region width
will become larger and the intraband tunneling efficiency for the carriers becomes low. As a result,
the calculated current-voltage characteristic in Figure 2b shows an even more degraded electrical
conductivity for the LED with the 5 nm thick InGaN cap layer than that for the LED with p*-GaN as
the ohmic contact layer. The proposed design can be further evolved into InGaN/p-AlGaN structure
which proves to be effective in improving the hole injection and enhancing the optical power for
AlGaN based UV LEDs [55].
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Figure 2. (a) Energy band diagrams at the equilibrium state for u-InGaN/p-GaN structures with
the u-InGaN layer thicknesses of 1 nm and 5 nm, respectively; (b) calculated current in terms of the
applied voltage for LEDs with p*-GaN, 1 nm thick u-InGaN and 5 nm thick u-InGaN as the ohmic
contact layers, respectively. Here, u-InGaN, Ec, Ey ad Ef represent the undoped InGaN cap layer,
the conduction band, the valence band and the Fermi level, respectively.

The other proposal to enable the efficient hole injection from the p-type ohmic contact into the hole
supplier is to utilize a tunnel junction [56-58]. The advantage of the tunnel junction is a direct contact
between the n*-GaN layer and the metal, since the n*-GaN layer has a much higher doping efficiency
than the p*-GaN layer. Therefore, by means of the tunnel junction, the hole injection efficiency from
the external metal contact into the device can be improved, and this can result in the enhanced
quantum efficiency. However, the shortcoming for the LED with the conventional tunnel junction lies
on the larger forward voltage drop which is due to the poor Mg doping efficiency for the p*-GaN
layer. Fortunately, the forward voltage drop across the tunnel junction can be decreased by using
a polarization tunnel junction [59-61]. The polarization induced electric field within the polarization
tunnel junction has to be along the same direction as the built-in electric field that is generated by
the ionized dopants in the n-type and p-type layers. Here it is worthy of defining the structures
of the polarization tunnel junctions (see Figure 3a—d). If the growth direction is along the [0001]
orientation, then the suggested structures of the polarization tunnel junction are shown in Figure 3a,b.
The anode and the cathode have to be placed on the top n-GaN layer and the bottom p-GaN layer,
respectively for Figure 3a, which structure has been extensively discussed in Refs. [59,60] and is utilized
in blue and UV Ill-nitride LEDs [62-66]. However, if the polarization tunnel region is AlGaN-based
(see Figure 3b), then the structure stack has to be anode/n-GaN/AlGaN/p-GaN/cathode to ensure
that both the built-in electric field and the polarization induced electric field are along the same
direction. However the application of such AlGaN based polarization tunnel junction in IlI-nitride
based LEDs is rare partly due to the difficulty in growing the MQWs and the n-type electron source
layers on the p-type layer. Figure 3c,d show the configurations of the polarization tunnel junction
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grown along the [000-1] orientation. The design strategies are the same as those in Figure 3a,b,
i.e., to guarantee that the polarization induced electric field is along the same direction as the built-in
electric field. Hence details will not be addressed here. Note, investigations on the [000-1] oriented
polarization tunnel junctions and the applications in IlI-nitride LEDs are rarely conducted at the
current stage. However, we have reported a dielectric-constant-controlled (DCC) tunnel junction for
UV LEDs, and the structure of the DCC tunnel junction is presented in Figure 3e [67]. It is worthy
of noting that the polarization induced electric field within the DCC tunnel junction opposes that of
the built-in electric field, i.e., the ionized dopants will be partially compensated by the polarization
induced interface charges. Fortunately, the net electric field intensity is also partially decided by the
relative dielectric constant (g;) of the tunnel junction, and the ¢ decreases as the AIN composition
for the AlGaN tunnel layer increases (see Figure 4a). A decreased ¢, can increase the electric field
intensity and favors the interband tunneling. In our case, the polarization level is set to 40% and the
AIN composition used in the tunnel junction is 30%. According to Figure 4b, when compared with
the conventional n*-GaN/p*-GaN tunnel junction, the DCC tunnel junction possesses the increased
electric field intensity. Hence, the optical power and the internal quantum efficiency for the UV
LED with the DCC tunnel junction have been improved. Note, the inset of Figure 4a also shows the
electric field intensity within the tunnel region in terms of different polarization levels, from which
we can see that the electric field intensity decreases as the polarization level increases till it reaches
80%. The decrease of the electric field intensity is ascribed to the compensation effect to the ionized
dopants by the polarization induced interface charges (see Figure 3e). However, if the polarization
level further increases to 100%, more ionized dopants will be compensated by the polarization induced
charges which will simultaneously increase the depletion region width in the n*-GaN and p*-GaN
layers. Thus more dopants will be ionized and the electric field intensity becomes high. Nevertheless,
the enhanced electric field intensity when the polarization level is 100% sacrifices the tunnel region
width and hence is not advisable for achieving the high-efficiency hole injection. The inset figure in
Figure 4b also illustrates that, besides the ¢, for the tunnel region, the polarization induced charge
density within the DCC tunnel junction is essentially important, and this requires the precise control
for the AIN composition and the crystal relaxation.
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Figure 3. (a) [0001] oriented n-GaN/InGaN/p-GaN polarization tunnel junction; (b) [0001] oriented
p-GaN/AlGaN/n-GaN polarization tunnel junction; (c) [000-1] oriented n-GaN/AlGaN/p-GaN
polarization tunnel junction; (d) [000-1] oriented p-GaN/InGaN/n-GaN polarization tunnel junction
and (e) [0001] oriented dielectric-constant-controlled (DCC) tunnel junction. E;, Ep, represent the
built-in electric field and the polarization induced electric field, respectively.
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Figure 4. (a) Relative dielectric constant of the AlGaN layer in terms of the AIN composition;
(b) electric field profiles within the tunnel regions for the UV LED (i.e., Device B) with the conventional
n*-GaN/p*-GaN tunnel junction and the UV LED (i.e., Device C ) with the DCC tunnel junction.
The positive direction for the electric field is along the [0001] direction. The inset shows the electric
field intensity as a function of the polarization level. Reproduced from Ref. [67], with the permission
of Wiley.

3. Enhance the Hole Transport within the Hole Supplier

Another bottleneck hindering the hole injection efficiency originates from the hole supplier.
According to Figure 1, the hole supplier for the DUV LED comprises of the p-AlGaN/p-GaN
heterojunction. The valence band discontinuity at the p-AlGalN/p-GaN heterojunction hinders the
hole injection. Kuo et al. suggest the stair-cased (p-AlGaN), /p-GaN heterojunction to facilitate the
hole transport [68]. Here, the AIN composition for the stair-cased (p-AlGaN), /p-GaN heterojunction
decreases along the [0001] growth orientation and 7 represents the total number of the stair-cased
p-AlGaN layers. As has been demonstrated previously, the Mg doping efficiency for the Al-rich
p-AlGaN layer is even lower and that will lead to a low hole concentration for the hole supplier.
However, the suggested structure by Kuo et al. seems of less contribution to increasing the hole
concentration for the hole supplier. A promising approach to increase the hole concentration
is to utilize a superlattice structure, such as the p-AlGa; N/Al,Ga;_,N superlattice [47-49],
the p-AIN/AlInGaN superlattice [50-52], the polarization induced electric field of which will become
high and enables an enhanced Mg ionization efficiency. According to the report by Cheng et al. [48],
the activation energy for Mg dopants is as low as 17 meV for the p-Al,Ga; ,N/Al,Ga; N (x> y)
superlattice with the average AIN composition of 60% when compared with the activation energy of
146 meV and 323 meV for the p-GaN layer and the p-Aly 70Gag 3oN layer, respectively. More importantly
the hole concentration for the p-type superlattice structure is less affected by the temperature.
The observation also agrees well with the reports by Simon et al. [69] and Zhang et al. [70], respectively.
Both of the two groups use the polarization induced electric field within the p-AlGaN layer with
a graded AIN composition to increase the Mg doping efficiency and form the three dimensional hole
gas (3DHG). Most recently, indium-surfactant-assisted Mg-delta doping has been reported to enhance
the Mg-doping efficiency in the p-AlGaN layer by Chen et al. [71]. The measured hole concentration
is as high as 4.75 x 10'® cm~3 by using the proposed technique. The underlying mechanism for the
enhanced hole concentration is the coupled effect of the high Mg incorporation efficiency, the less
compensation effect and the indium-caused energy band modulation effect. The less compensation
effect is owing to the indium surfactant because the indium desorption leaves the vacancies for Mg
dopants to occupy. Moreover, the incorporation of the partial indium into the crystal modulates the
energy band and enables the polarization-induced electric field to form the two-dimensional hole
gas (2DHG).

The other method to increase the hole transport within the hole supplier is to increase the drift
velocity and the kinetic energy for holes. Previously, we have proposed and discussed an electric



Materials 2017, 10, 1221 7 of 17

field reservoir [72]. The electric field reservoir is depicted in Figure 5. The electric field reservoir has
to possess an interface depletion region which can trigger the electric field in the depletion region.
Such electric field will not be screened by the free carriers, and hence the holes are able to continuously
receive the energy from the electric field. However, if the AIN composition for the p-Al,Ga;_,N layer
is too high, then the aforementioned interface depletion region will further extend the width into the
p-AlyGa;_,N layer, and this will significantly deplete the holes and causes a low hole concentration in
the p-Al,Ga;_,N layer. Hence, to better understand the impact of the electric field reservoir on the
hole injection, parametric investigations have to be conducted.

p-Al Ga, N [0001]

Interface depletion
region

X

Figure 5. (a) Schematic energy band diagram for the electric field reservoir that consists of the
p-AlyGaj_,N/p-GaN heterojunction, which possesses the interface depletion region; (b) schematic
electric field profile within the electric field reservoir. The positive direction of the electric field is
along the [0001] orientation. Ec, Ey, @, Ef. and Eg, denote the conduction band, the valence band,
the valence band barrier height caused by the p-Al,Ga;j_,N layer, quasi-Fermi levels for electrons and
hole, respectively. Reproduced from Ref. [72], with the permission of Optical Society of America.

Figure 6a,b present the studied DUV LEDs with different device architectures. The studied devices
differ among each other in the p-EBL and the hole supplier, and detailed structure information can
be found in Table 1. Clearly we can see from Table 1 that the ¢J}, decreases as the AIN composition
in the p-Al,Ga;_,N layer reduces. Meanwhile, the electric field profiles within the hole suppliers
for the tested DUV LEDs are presented in Figure 6¢, from which we can see that the electric field is
small in the p-GaN layer for the Original device. Nevertheless, if the hole supplier consists of the
p-AlGa;_,N/p-GaN heterojunction, the strong electric field is produced in the interface depletion
region, which can well increase the drift velocity and the corresponding kinetic energy for the incoming
holes. By following W = e X fol Efiela x dx, the work (W) that the holes obtain can be calculated
(see Table 1). Here e, [ and Ejielg represent the unit electronic charge, the integration range and the
electric field within the integration range [73,74]. Figure 6¢ also shows that the p-Al,Ga;_,N layer is
fully depleted for the Reference device and Device 1 (D1), and therefore the electric field intensity is
very strong which produces an extremely large energy for holes (see Table 1). If the AIN composition
decreases, then the interface depletion region shrinks and this simultaneously makes the holes receive
less energy from the electric field reservoir. Fortunately, the energy that the holes obtain is still high
when compared with the holes for the Original device. Meanwhile, since the interface depletion region
in the p-Al,Ga;_,N layer is small (e.g., Device 2 (D2)), a high hole concentration therein can still be
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maintained. Because of the above two reasons, the optical power for Device (D2) is the strongest.
To summarize, to maximize the function of the electric-field reservoir in favoring the hole injection, one
shall make holes obtain sufficient energy while keeping a decent hole concentration in the hole supplier.

(a) (b)
p-GaN (170 nm)
p-GaN (170 + 50 nm) p-AlGa, ,N (50 nm)
p-Al,Ga, N EBL (10 nm) p-Al,Ga, N EBL (10 nm)
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- 5-pair o Spair
e —— m— m sm—
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Figure 6. (a) Schematic DUV LED structure for the Original device that has no p-Al,Ga;_,N layer;
(b) schematic DUV LED structures for the Reference device, Device 1 (D1), Device 2 (D2) and Device
3 (D3); (c) numerically calculated electric field profiles in the hole suppliers for the studied DUV
LEDs, and (d) summarized optical output power for the five investigated DUV LEDs. Detailed AIN
compositions of the p-EBLs and the p-Al,Ga;_,N layers for the studied devices are shown in Table 1.
Figure 6a—c are reproduced from Ref. [72], with the permission of Optical Society of America. Figure 6d
is summarized according to the reported values in Ref. [72].

Table 1. AIN compositions of the p-EBLs and the p-Al,Gaj_,N layers, values of the &J;, and the work
(W) that is conducted on the holes by the respective electric field reservoir for all the studied DUV
LEDs. Reproduced from Ref. [72], with the permission of Optical Society of America.

Devices p-AlLGa;_ N @}, (meV) p-Al,Ga; N Work (meV)
Original device p-GaN (50 nm) 0 p-Alp6sGag 3N EBL (10 nm) —277.50
Reference device p-Alp 49Gag 51N (50 nm) 583.00 p-AlgsGag 32N EBL (10 nm) —7454.70
Device 1 (Dl) p-A10_49Ga0_51N (50 nm) 460.00 p-AlO,éoGaOAON EBL (10 nm) —5456.10
Device 2 (DZ) p—A10.4OGa0.60N (50 nm) 322.00 p-Alo_6gGa0‘32N EBL (10 nm) —381.97
Device 3 (D3) p-A10A30Ga0A70N (50 nm) 238.00 p-AlOAégGaOSQN EBL (10 nm) —365.72

4. Reduce the Hole Blocking Effect by the p-EBL

The holes arrive at the p-EBL after completing the trip in the hole supplier. The valence
band discontinuity between the p-EBL and the hole supplier can strongly block the hole injection.
Considering the relevance between the carrier concentration and the energy band barrier height [75],
one promising approach to reduce the hole blocking effect caused by the p-EBL is to increase the
Mg doping efficiency for the hole supplier. As mentioned in the previous discussions, the Mg
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doping efficiency in the hole supplier can be enhanced by using superlattice structures [47-52], 3DHG
structure [69,70,76] and the indium-surfactant-assisted Mg-delta doping technique [71].

It is unambiguous that the hole injection across the p-EBL can be improved once the valence band
barrier height for the p-EBL decreases. For that purpose, it is advisable to relocate the superlattice
structure to the p-EBL region to form the superlattice p-EBL [77,78]. Another strategy to increase
the hole injection is to facilitate the hole tunneling process, which can be realized by reducing the
thickness for the p-EBL while increasing the AIN composition for the p-EBL, e.g., using the AIN based
p-EBL with a properly small thickness [79]. To acquire the intraband-tunneling-assisted hole injection,
we have recently proposed a p-EBL with a very thin insertion layer that has a smaller energy band gap
for the DUV LED [24], and the studied device structures are shown in Figure 7a,b, respectively. It is
worth noting that the proposed p-EBL structure is easier to achieve experimentally. If the DUV LED
possesses the bulk p-EBL, the major transport for holes is via the thermionic emission, which is strongly
affected by the valence band offset and the hole concentration, i.e., &, = AEy — kT x In(p/Ny) [80].
Here, &), AEy, k, T, p and Ny represent the valence band barrier height, the valence band offset,
the Boltzmann constant, the carrier temperature, the hole concentration and the effective density
of states for holes, respectively. Therefore, it is suggested to reduce @, by increasing the hole
concentration (p). Fortunately, the hole concentration can be increased if a very thin AlGaN layer with
a smaller energy bandgap is inserted into the p-EBL. More importantly, the thin AlGaN insertion layer
has to be close to the hole supplier, i.e., layer L2 in Figure 7b has to be made thin. Once layer L2 is
thin, the holes can be injected into the AlGaN insertion layer by both the thermionic emission and
the intraband tunneling process. As a result, a high local hole concentration can be readily obtained
in the thin AlGaN insertion layer, which helps to decrease the valence band barrier height for layer
L1 (see Figure 7b). The valence bands of the p-EBLs for the two investigated DUV LEDs are shown
in Figure 7c,d, respectively. The values for the valence band barrier heights are summarized and
demonstrated in Table 2, from which we can clearly see that the valence band barrier height that is
symbolized by ®;, for the proposed p-EBL turns smaller. It is worth noting that the larger &, for the
proposed p-EBL reflects a lower hole accumulation at the p-EBL/p-AlGaN interface according to
the aforementioned equation. The lower hole accumulation at the p-EBL/p-AlGaN interface for the
proposed DUV LED is well ascribed to the excellent hole tunneling effect into the thin AlGaN insertion
layer for the proposed p-EBL.

p-AlGaN EBL
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Figure 7. Schematic energy band diagrams for (a) Device A with the conventional bulk p-EBL and
(b) Device B with the proposed p-EBL. Numerically calculated valence bands in the vicinity of (c) the
conventional p-EBL for Device A and (d) the proposed p-EBL for Device B. In Figure 7a, P1 represents
the hole transport by the thermionic emission. In Figure 7b, PO denotes the hole transport by the
intraband tunneling process, P1 and P2 mean the hole thermionic emission from the hole supplier into
the thin AlGaN insertion layer and from the AlGaN insertion layer into the MQW region, respectively.
Reproduced from Ref. [24], with the permission of American Chemical Society.
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Table 2. Values of different valence band barrier heights for the two p-EBLs. Reproduced from Ref. [24],
with the permission of American Chemical Society.

- Device A Device B
¢y (meV) ~206.51 ~217.40
¢y (meV) - ~234.64
@y, (meV) ~335.18 ~303.41

Because of the reduced blocking effect for the suggested p-EBL and the more favored hole injection
simultaneously, the hole concentration in the active region increases and this translates to the enhanced
radiative recombination. As a result, the measured intensity for the electroluminescence (EL) spectra
for Device B with the proposed p-EBL is higher than that for Device A with the conventional bulk
p-EBL (see Figure 8a). Figure 8b,c demonstrate the measured and calculated optical power and EQE
for Devices A and B, respectively. Both experimentally and numerically, the optical power and the EQE
are improved for Device B thanks to the improved hole injection efficiency. Meanwhile, the consistence
between the measured and calculated results validates the adopted physical models when conducting
the numerical computations.

20 . . . 15 e 15 e §
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(a) ; (b) . (c) y
12 - 4 4 12 ,-t'F'-w’._, 4
- 15 - AV _ ; i
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Figure 8. (a) Experimentally measured EL spectra; (b) experimentally measured EQE and optical
power, and (c) numerically calculated EQE and optical power for Devices A and B, respectively.
Reproduced from Ref. [24], with the permission of American Chemical Society.

5. Increase the Hole Concentration in the MQW Region

For InyGa;_,N/GaN based visible LEDs, it has been widely admitted that the holes are strongly
accumulated in the quantum well close to the p-EBL side [11]. However, the hole distribution
across the active region shows different spatial profiles for IlI-nitride based DUV LEDs according
to reports by different groups [24,68,72,81-84], e.g., the highest hole concentration is not always
found in the quantum well closest to the p-EBL [68,82]. Tsai et al. attribute the interesting
observations to the reduced valence band offset for the AlyGa;_yN/Al,Ga;_,N (x < y) based
quantum wells, which therefore is beneficial for the hole transport across the MQW region [82],
i.e.,, the valence band offset is 0.185 eV for the Alys5Gag45N/Aly72GagasN quantum wells of
Tsai et al. and 0.210 eV for the Ing15GaggsN/GaN quantum wells with the ~450 nm emission
wavelength [11], respectively. Till now, various conduction band offset/valence band offset ratios
(AEc/AEy) are assumed when calculating the carrier transport within the Al,Ga;,N/Al,Ga; N
(x < y) based quantum wells, e.g., 70/30 [81,83-85], 65/35 [68,82] and 50/50 [24,72]. We agree to
the point proposed by Tsai et al., since we find that the hole concentration in quantum well closest
to the p-EBL becomes high if the AEc/AEy of 50/50 is adopted. Although a larger valence band
offset (i.e., AEc/AEy = 50/50) is suggested for AlGaN/AlGaN interface [16], it seems that the hole
distribution in the AlGa;_N/Al,Ga; N (x < y) based quantum wells is much more uniform than
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that in the In,Ga;_,N/GaN based quantum wells. In addition, the quantum barrier for DUV LEDs
is also AlGaN based, for which the AIN composition can be optimized and this will provide more
freedom in further modifying the hole distribution within the active region [84].

Judging from the previously published reports so far, it is seemingly more realistic to increase the
hole concentration in each AlyGa; N/ Al,Ga; N (x <y) based quantum well rather than homogenize
the hole distribution across the AlyGa; ,N/Al,Ga; N (x <y) based quantum wells. To achieve that
goal, staggered quantum wells have never been proposed and numerically shown the effectiveness in
increasing the hole concentration in the AlyGa; N/ Al,Ga; N (x <y) based quantum wells [81,83].
Another concern affecting the hole concentration is the thickness for the quantum well and the quantum
barrier. The recommended quantum well thickness is smaller than 2 nm for DUV LEDs [86-89],
the quantum well of which thickness can keep both the high hole concentration and the excellent
spatial overlap for electron-hole wave functions [86]. Though specific discussions regarding the
quantum barrier thickness on the hole concentration in the quantum wells are not conducted yet,
Refs. [86-89] employ the quantum barriers with the thickness smaller than 8 nm, and this is quite
different from the InGaN/GaN based visible LEDs, which normally utilize the barrier thickness lager
than 10 nm [11]. Kim et al. then numerically propose that a thinner p-side quantum barrier thickness
and a thicker n-side quantum barrier can further increase the hole concentration level in the quantum
wells [85]. The findings by Kim et al. are agreeable with the report by Tsai et al. [82]. In spite of the
high hole concentration in the quantum wells for the DUV LED with the thinner p-side barrier and the
thicker n-side barrier, the DUV LED does not produce the strongest internal quantum efficiency when
compared to the device with the thicker p-side barrier and the thinner n-side barrier. This is due to
fact that the DUV LED with the thinner p-side barrier and the thicker n-side barrier does not possess
the high electron confinement efficiency.

It is worth noting that, thus far, there are hardly any reports fully concentrating on the influences
of the AEc/AEy, the combination of the AIN composition for the quantum well and the quantum
barrier, the combination of the thickness for the quantum well and the quantum barrier, and the
quantum well number etc. on the hole transport within the active region for DUV LEDs with various
emission wavelengths (e.g., 250~300 nm that is widely used in water and air sterilization). Therefore,
there is still much space left for the DUV LED community to even better understand the physics for
the carrier transport within the active region and to further optimize the MQWs before getting the
satisfied hole concentration for DUV LEDs.

6. Summary

This work has comprehensively reviewed the current techniques to increase the hole injection
efficiency and improve the quantum efficiency for AlGaN based DUV LEDs. The hole concentration
in the MQW region is co-determined by (1) the p-type ohmic contact/the hole supplier interface;
(2) the hole supplier; (3) the p-EBL and (4) the active region.

Besides engineering the p-metals, the barrier that hinders the hole injection at the p-type
ohmic contact/the hole supplier interface can be solved by using the polarization effect for [0001]
oriented heterojunction, e.g., the polarized cap layer, the polarization tunnel junction and the
dielectric-constant-controlled tunnel junction. With the aid of the existing proposed technologies, it is
also worth investigating the possibility of realizing the p-type ohmic contact without involving the
p-GaN cap layer in the hole supplier for DUV LEDs, and by doing so the light extraction efficiency
and the external quantum efficiency can be further improved. The hole transport within the hole
supplier can be more favored if the hole concentration in the hole supplier increases by adopting the
superlattice doping approach. Moreover, we also propose the electric field reservoir to accelerate the
holes and the relevant device physics has also been thoroughly demonstrated. Then it is necessary
to find the alternatively designed hole supplier in which the concentration and the kinetic energy
for holes can be both kept high. The hole blocking effect inducedby the p-EBL can be reduced
either /both by increasing the Mg doping efficiency or/and managing the hole transport by enhancing
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the intraband tunneling efficiency. To meet the goal of the high Mg doping efficiency and the promoted
hole tunneling capability, the superlattice p-EBL at the current stage seems to be an option as long
as that structure can be very well managed. Last but not the least, according to the reviewed works,
we realize that the holes are more homogenized in the AlGaN based quantum wells for DUV LEDs
when compared with the InGaN based quantum wells for visible LEDs, such that a significant hole
accumulation in the quantum well closest to the p-EBL is not observed for DUV LEDs. Therefore, the
target is to enhance rather than homogenize the hole concentration in the MQW region for DUV LEDs.
However, according to our point of view, a comprehensive study regarding the impact of different
types of MQWs on the hole concentration levels for DUV LEDs with different wavelengths lacks at
the moment. Therefore, more efforts shall be paid to further reveal how the different designs of the
active region affect the hole concentration for DUV LEDs, and the in-depth device physics shall also be
uncovered and summarized.

Considering various epi-growth technologies by different groups, uncertain physical parameters
(e.g., band offset ratio for Al,Gal; yN/Al,Ga;_,N (x < y) based quantum wells) and different
mathematical mesh settings by different simulation people, it is less possible to conclude the best
design at this momentby means of comparing and summarizing the proposals reported by different
groups. Therefore, this requires a systematic and consistent study to reveal the sensitivity of the hole
injection on different DUV structures, and we suggest numerical calculations, since the consistence of
numerical DUV LED structures is easier to control than that for experimentally grown DUV LEDs.

Acknowledgments: The authors acknowledge the support by National Natural Science Foundation of China
(Project Nos. 51502074, 61604051), Natural Science Foundation of Hebei Province (Project No. F2017202052),
Natural Science Foundation of Tianjin City (Project No. 16JCYBJC16200), Program for Top 100 Innovative Talents
in Colleges and Universities of Hebei Province (Project No. SLRC2017032), Program for 100-Talent-Plan of Hebei
Province (Project No. E2016100010).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Khan, A.; Balakrishnan, K.; Katona, T. Ultraviolet light-emitting diodes based on group three nitrides.
Nat. Photonics 2008, 2, 77-84. [CrossRef]

2. Park, J.S.; Kim, J.K.; Cho, J.; Seong, T.Y. Review-group IlI-nitride-based ultraviolet light-emitting diodes:
Ways of increasing xxternal quantum efficiency. ECS J. Solid State Sci. Technol. 2017, 6, Q42-Q52. [CrossRef]

3. Kneissl, M.; Kolbe, T.; Chua, C.; Kueller, V.; Lobo, N.; Stellmach, J.; Knauer, A.; Rodriguez, H,;
Einfeldt, S.; Yang, Z.; et al. Advances in group IlI-nitride-based deep UV light-emitting diode technology.
Semicond. Sci. Technol. 2011, 26, 014036. [CrossRef]

4. Nam, K.B; Li, J.; Nakarmi, M.L.; Lin, ].Y,; Jiang, H.X. Unique optical properties of AlGaN alloys and related
ultraviolet emitters. Appl. Phys. Lett. 2004, 84, 5264-5266. [CrossRef]

5. Wang, W.Y.,; Lu, HM,; Fu, L; He, C.G,; Wang, M.X.; Tang, N.; Xu, EJ.; Yu, TJ; Ge, WK.; Shen, B.
Enhancement of optical polarization degree of AlGaN quantum wells by using staggered structure.
Opt. Express 2016, 24, 18176-18183. [CrossRef] [PubMed]

6. Lu, HM.; Yu, TJ; Yuan, G.C.; Chen, X.J.; Chen, Z.Z.; Chen, G.X,; Zhang, G.Y. Enhancement of surface
emission in deep ultraviolet AlGaN-based light emitting diodes with staggered quantum wells. Opt. Lett.
2012, 37, 3693-3695. [CrossRef] [PubMed]

7. Lu,HM, Yu, T],; Chen, X.J.; Wang, ].P; Zhang, G.Y. Band engineering for surface emission enhancement in
Al-rich AlGaN-based deep-ultraviolet light emitting diodes. Jpn. J. Appl. Phys. 2016, 55, 05FJ12. [CrossRef]

8. Kuo, Y.; Su, C.-Y,; Hsieh, C.; Chang, W.-Y;; Huang, C.-A.; Kiang, Y.-W.; Yang, C.C. Surface plasmon coupling
for suppressing p-GaN absorption and TM-polarized emission in a deep-UV light-emitting diode. Opt. Lett.
2015, 40, 4229-4232. [CrossRef] [PubMed]

9. Ryu, HY, Choi, I.G.; Choi, HSS.; Shim, J.I. Investigation of light extraction efficiency in AlGaN
deep-ultraviolet light-emitting diodes. Appl. Phys. Express 2013, 6, 062101. [CrossRef]


http://dx.doi.org/10.1038/nphoton.2007.293
http://dx.doi.org/10.1149/2.0111704jss
http://dx.doi.org/10.1088/0268-1242/26/1/014036
http://dx.doi.org/10.1063/1.1765208
http://dx.doi.org/10.1364/OE.24.018176
http://www.ncbi.nlm.nih.gov/pubmed/27505782
http://dx.doi.org/10.1364/OL.37.003693
http://www.ncbi.nlm.nih.gov/pubmed/22940993
http://dx.doi.org/10.7567/JJAP.55.05FJ12
http://dx.doi.org/10.1364/OL.40.004229
http://www.ncbi.nlm.nih.gov/pubmed/26371903
http://dx.doi.org/10.7567/APEX.6.062101

Materials 2017, 10, 1221 13 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Shatalov, M.; Sun, W.; Lunev, A.; Hu, X.; Dobrinsky, A.; Bilkenko, Y.; Yang, J.; Shur, M.; Gaska, R;;
Moe, C.; et al. AlGaN deep-ultraviolet light-emitting eiodes with external quantum efficiency above 10%.
Appl. Phys. Express 2012, 5, 082101. [CrossRef]

Zhang, Z.-H.; Zhang, YH.; Bi, W.G.; Demir, H.V.; Sun, X.W. On the internal quantum efficiency for
InGaN/GaN light-emitting diodes grown on insulating substrates. Phys. Status Solidi A 2016, 213, 3078-3102.
[CrossRef]

Imura, M.; Nakano, K.; Fujimoto, N.; Okada, N.; Balakrishnan, K.; Iwaya, M.; Kamiyama, S.; Amano, H.;
Akasaki, I.; Noro, T.; et al. Dislocations in AIN epilayers grown on sapphire substrate by high-temperature
metal-organic vapor phase epitaxy. Jpn. |. Appl. Phys. 2007, 46, 1458-1462. [CrossRef]

Hirayama, H. Advances of AlGaN-based high-efficiency deep-UV LEDs. In Proceedings of the Communications
and Photonics Conference and Exhibition (ACP), 2010 Asia, Shanghai, China, 8-12 December 2010.
[CrossRef]

Hammersley, S.; Watson-Parris, D.; Dawson, P.; Godfrey, M.].; Badcock, T.J.; Kappers, M.].; McAleese, C.;
Oliver, R.A.; Humphreys, C.J. The consequences of high injected carrier densities on carrier localization and
efficiency droop in InGaN/GaN quantum well structures. J. Appl. Phys. 2012, 111, 083512. [CrossRef]
Iveland, J.; Martinelli, L.; Peretti, J.; Speck, J.S.; Weisbuch, C. Direct measurement of auger electrons
emitted from a semiconductor light-emitting diode under electrical injection: Identification of the dominant
mechanism for efficiency droop. Phys. Rev. Lett. 2013, 110, 177406. [CrossRef] [PubMed]

Piprek, J. Efficiency droop in nitride-based light-emitting diodes. Phys. Status Solidi A 2010, 207, 2217-2225.
[CrossRef]

Sun, W.; Shatalov, M.; Deng, ].; Hu, X,; Yang, J.; Lunev, A,; Bilenko, Y.; Shur, M.; Gaska, R. Efficiency droop in
245-247 nm AlGaN light-emitting diodes with continuous wave 2 mW output power. Appl. Phys. Lett. 2010,
96, 061102. [CrossRef]

Banal, R.G.; Taniyasu, Y.; Yamamoto, H. Deep-ultraviolet light emission properties of nonpolar M-plane
AlGaN quantum wells. Appl. Phys. Lett. 2014, 105, 053104. [CrossRef]

Satter, M.M.; Lochner, Z.; Ryou, J.H.; Shen, S.C.; Dupuis, R.D.; Yoder, P.D. Polarization matching in
AlGaN-based multiple-quantum-well deep ultraviolet laser diodes on AIN substrates using quaternary
AlInGaN barriers. J. Lightwave Technol. 2012, 30, 3017-3025. [CrossRef]

Li, L.; Miyachi, Y.; Miyoshi, M.; Egawa, T. Enhanced emission efficiency of deep ultraviolet light-emitting
AlGaN multiple quantum wells grown on an N-AlGaN underlying layer. IEEE Photonics |. 2016, 8, 1601710.
[CrossRef]

Katsuragawa, M.; Sota, S.; Komori, M.; Anbe, C.; Takeuchi, T.; Sakai, H.; Amano, H.; Akasaki, I
Thermal ionization energy of Si and Mg in AlGaN. . Cryst. Growth 1998, 189, 528-531. [CrossRef]
Nakamura, S.; Mukai, T.; Senoh, M.; Iwasa, N. Thermal annealing effects on p-Type Mg-doped GaN films.
Jpn. J. Appl. Phys. 1992, 31, L139-1L142. [CrossRef]

Hiroshi, A.; Masahiro, K.; Kazumasa, H.; Isamu, A. P-Type conduction in Mg-doped GaN treated with
low-energy electron beam irradiation (LEEBI). Jpn. J. Appl. Phys. 1989, 28, 1.2112-1.2114. [CrossRef]

Zhang, Z.-H.; Chen, S.-W.H.; Zhang, Y.; Li, L.; Wang, S.-W.; Tian, K.; Chu, C.; Fang, M.; Kuo, H.-C;
Bi, W. Hole transport manipulation to improve the hole injection for deep ultraviolet light-emitting diodes.
ACS Photonics 2017, 4, 1846-1850. [CrossRef]

Kim, M.; Fujita, T.; Fukahori, S.; Inazu, T.; Pernot, C.; Nagasawa, Y.; Hirano, A.; [ppommatsu, M.; Iwaya, M.;
Takeuchi, T.; et al. AlGaN-based deep ultraviolet light-Emitting diodes fabricated on patterned sapphire
substrates. Appl. Phys. Express 2011, 4, 092102-092103. [CrossRef]

Dong, P; Yan, ].C.; Zhang, Y.; Wang, ] X.; Zeng, ].P,; Geng, C.; Cong, PP; Sun, L.L.; Wei, T.B.; Zhao, LX; et al.
AlGaN-based deep ultraviolet light-emitting diodes grown on nano-patterned sapphire substrates with
significant improvement in internal quantum efficiency. J. Cryst. Growth 2014, 395, 9-13. [CrossRef]

Wang, H.-M.; Zhang, J.-P.; Chen, C.-Q.; Fareed, Q.; Yang, J].-W.; Khan, M.A. AIN/AlGaN superlattices as
dislocation filter for low-threading-dislocation thick AlGaN layers on sapphire. Appl. Phys. Lett. 2002, 81,
604-606. [CrossRef]

Zhang, ].P; Wang, HM.; Gaevski, M.E.; Chen, C.Q.; Fareed, Q.; Yang, ] W.; Simin, G.; Khan, M.A. Crack-free
thick AlGaN grown on sapphire using AIN/AlGaN superlattices for strain management. Appl. Phys. Lett.
2002, 80, 3542-3544. [CrossRef]


http://dx.doi.org/10.1143/APEX.5.082101
http://dx.doi.org/10.1002/pssa.201600281
http://dx.doi.org/10.1143/JJAP.46.1458
http://dx.doi.org/10.1109/ACP.2010.5682667
http://dx.doi.org/10.1063/1.3703062
http://dx.doi.org/10.1103/PhysRevLett.110.177406
http://www.ncbi.nlm.nih.gov/pubmed/23679777
http://dx.doi.org/10.1002/pssa.201026149
http://dx.doi.org/10.1063/1.3302466
http://dx.doi.org/10.1063/1.4892429
http://dx.doi.org/10.1109/JLT.2012.2210998
http://dx.doi.org/10.1109/JPHOT.2016.2601439
http://dx.doi.org/10.1016/S0022-0248(98)00345-5
http://dx.doi.org/10.1143/JJAP.31.L139
http://dx.doi.org/10.1143/jjap.28.l2112
http://dx.doi.org/10.1021/acsphotonics.7b00443
http://dx.doi.org/10.1143/APEX.4.092102
http://dx.doi.org/10.1016/j.jcrysgro.2014.02.039
http://dx.doi.org/10.1063/1.1494858
http://dx.doi.org/10.1063/1.1477620

Materials 2017, 10, 1221 14 of 17

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Kinoshita, T.; Hironaka, K.; Obata, T.; Nagashima, T.; Dalmau, R.; Schlesser, R.; Moody, B.; Xie, ].Q.; Inoue, S.;
Kumagai, Y.; et al. Deep-ultraviolet light-emitting diodes fabricated on AIN substrates prepared by hydride
vapor phase epitaxy. Appl. Phys. Express 2012, 5, 122101. [CrossRef]

Zhang, ]J.P; Kuokstis, E.; Fareed, Q.; Wang, H.M.; Yang, ].W.; Simin, G.; Khan, M.A.; Tamulaitis, G.;
Kurilcik, G.; Jursenas, S.; et al. Pulsed atomic layer epitaxy of quaternary AlInGaN layers for ultraviolet
light emitters. Phys. Status Solidi A 2001, 188, 95-99. [CrossRef]

Zhang, J.P; Khan, M.A.; Sun, WH.; Wang, HM.; Chen, C.Q.; Fareed, Q.; Kuokstis, E.; Yang, J.W.
Pulsed atomic-layer epitaxy of ultrahigh-quality AlxGal-xN structures for deep ultraviolet emissions below
230 nm. Appl. Phys. Lett. 2002, 81, 4392-4394. [CrossRef]

lida, K.; Watanabe, H.; Takeda, K.; Nagai, T.; Sumii, T.; Nagamatsu, K.; Kawashima, T.; Balakrishnan, K.;
Iwaya, M.; Kamiyama, S.; et al. High-efficiency AlGaN based UV emitters grown on high-crystalline-quality
AlGaN using grooved AIN layer on sapphire substrate. Phys. Status Solidi A 2007, 204, 2000-2004. [CrossRef]
Sirkeli, V.P; Yilmazoglu, O.; Al-Daffaie, S.; Oprea, I, Ong, D.S.; Kuppers, F; Hartnagel, H.L.
Efficiency enhancement of InGaN/GaN light-emitting diodes with pin-doped GaN quantum barrier.
J. Phys. D Appl. Phys. 2017, 50, 035108. [CrossRef]

Zhang, Z.-H.; Zhang, YH.; Bi, W.G.; Geng, C.; Xu, S.; Demir, H.V,; Sun, X.W. A charge inverter for III-nitride
light-emitting diodes. Appl. Phys. Lett. 2016, 109, 239901. [CrossRef]

Hu, C.Y; Qin, ZX,; Chen, Z.Z,; Yang, Z.].; Yu, T.J.; Hu, X.D.; Wu, K,; Jia, Q.J.; Wang, HH.; Zhang, G.Y.
Influence of various annealing temperatures on microstructure evolution of oxidized Ni/Au ohmic contact
to p-GaN studied by synchrotron X-ray diffraction. J. Cryst. Growth 2005, 285, 333-338. [CrossRef]

Sheu, J.K.; Su, YK,; Chi, G.C; Koh, P.L; Jou, M.J.; Chang, C.M.; Liu, C.C.; Hung, W.C. High-transparency
Ni/Au ohmic contact to p-type GaN. Appl. Phys. Lett. 1999, 74, 2340-2342. [CrossRef]

Zhu, B.B.; Liu, W,; Lu, S.P; Zhang, Y.P,; Hasanov, N.; Zhang, X.L.; Ji, Y.; Zhang, Z.H.; Tan, S.T.; Liu, H.F; et al.
Decoupling contact and mirror: An effective way to improve the reflector for flip-chip InGaN/GaN-based
light-emitting diodes. J. Phys. D Appl. Phys. 2016, 49, 265106. [CrossRef]

Ho, J.-K,; Jong, C.-S.; Chiu, C.C.; Huang, C.-N.; Shih, K.-K.; Chen, L.-C.; Chen, E-R.; Kai, J.-J. Low-resistance
ohmic contacts to p-type GaN achieved by the oxidation of Ni/Au films. J. Appl. Phys. 1999, 86, 4491-4497.
[CrossRef]

Chae, SW.; Kim, K.C.; Kim, D.H.; Kim, T.G.; Yoon, SK.; Oh, BW.; Kim, D.S.; Kim, HK.; Sung, YM.
Highly transparent and low-resistant ZnNi/indium tin oxide Ohmic contact on p-type GaN. Appl. Phys. Lett.
2007, 90, 181101. [CrossRef]

Kalaitzakis, EG.; Pelekanos, N.T.; Prystawko, P.; Leszczynski, M.; Konstantinidis, G. Low resistance
as-deposited Cr/Au contacts on p-type GaN. Appl. Phys. Lett. 2007, 91, 261103. [CrossRef]

Jang, HW,; Jang, ].-L. Lee Transparent Ohmic contacts of oxidized Ru and Ir on p-type GaN. J. Appl. Phys.
2003, 93, 5416-5421. [CrossRef]

Yang, J.L.; Chen, ].S. Effect of Ga dissolution in Au of Ni-Au system on ohmic contact formation to p-type
GaN. J. Alloys Compd. 2006, 419, 312-318. [CrossRef]

Schubert, E.F,; Grieshaber, W.; Goepfert, I.D. Enhancement of deep acceptor activation in semiconductors by
superlattice doping. Appl. Phys. Lett. 1996, 69, 3737-3739. [CrossRef]

Kazuhide, K.; Toshiki, M.; Naoki, K. Efficient hole generation above 10'* cm~3 in Mg-doped InGaN/GaN
superlattices at room tempeature. Jpn. J. Appl. Phys. 2000, 39, L195. [CrossRef]

Li, S.T.; Wu, Q.B.; Fan, GH.; Zhou, TM.; Zhang, Y.; Yian, Y.; He, M.; Cao, ].X.; Su, J. Influence of
a p-InGaN/GaN short-period superlattice on the performance of GaN-based light-emitting diodes.
Semicond. Sci. Technol. 2009, 24, 085016. [CrossRef]

Simon, J.; Cao, Y.; Jena, D. Short-period AIN/GaN p-type superlattices: Hole transport use in p-n junctions.
Phys. Status Solidi C 2010, 7, 2386-2389. [CrossRef]

Kim, J.K.; Waldron, E.L,; Li, Y.-L.; Gessmann, T.; Schubert, E.F; Jang, HW.,; Lee, ].-L. P-type conductivity
in bulk AlyGa;_4N and Al;Ga;_yN/Al,Ga;_,N superlattices with average Al mole fraction >20%.
Appl. Phys. Lett. 2004, 84, 3310-3312. [CrossRef]

Cheng, B.; Choi, S.; Northrup, J.E.; Yang, Z.; Knollenberg, C.; Teepe, M.; Wunderer, T.; Chua, C.L.;
Johnson, N.M. Enhanced vertical and lateral hole transport in high aluminum-containing AlGaN for deep
ultraviolet light emitters. Appl. Phys. Lett. 2013, 102, 231106. [CrossRef]


http://dx.doi.org/10.1143/APEX.5.122101
http://dx.doi.org/10.1002/1521-396X(200111)188:1&lt;95::AID-PSSA95&gt;3.0.CO;2-Q
http://dx.doi.org/10.1063/1.1528726
http://dx.doi.org/10.1002/pssa.200674809
http://dx.doi.org/10.1088/1361-6463/50/3/035108
http://dx.doi.org/10.1063/1.4971392
http://dx.doi.org/10.1016/j.jcrysgro.2005.08.045
http://dx.doi.org/10.1063/1.123844
http://dx.doi.org/10.1088/0022-3727/49/26/265106
http://dx.doi.org/10.1063/1.371392
http://dx.doi.org/10.1063/1.2731672
http://dx.doi.org/10.1063/1.2828044
http://dx.doi.org/10.1063/1.1565494
http://dx.doi.org/10.1016/j.jallcom.2005.09.075
http://dx.doi.org/10.1063/1.117206
http://dx.doi.org/10.1143/jjap.39.l195
http://dx.doi.org/10.1088/0268-1242/24/8/085016
http://dx.doi.org/10.1002/pssc.200983868
http://dx.doi.org/10.1063/1.1728322
http://dx.doi.org/10.1063/1.4809947

Materials 2017, 10, 1221 15 0f 17

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Zhu, T.G,; Denyszyn, J.C.; Chowdhury, U.; Wong, M.M.; Dupuis, R.D. AlGaN-GaN UV light-emitting diodes
grown on SiC by metal-organic chemical vapor deposition. IEEE |. Sel. Top. Quantum Electron. 2002, 8,
298-301. [CrossRef]

Kipshidze, G.; Kuryatkov, V.; Zhu, K.; Borisov, B.; Holtz, M.; Nikishin, S.; Temkin, H. AIN/AlGaInN
superlattice light-emitting diodes at 280 nm. J. Appl. Phys. 2003, 93, 1363-1366. [CrossRef]

Kuryatkov, V.; Zhu, K.; Borisov, B.; Chandolu, A.; Kipshidze, G.; Chu, S.N.G.; Holtz, M.; Kudryavtsev, Y.;
Asomoza, R.; Nikishin, S.; et al. Electrical properties of p-n junctions based on superlattices of
AIN/AlGa(In)N. Appl. Phys. Lett. 2003, 83, 1319-1321. [CrossRef]

Sergey, A.N.; Vladimir, VK., Anilkumar, C,; Boris, A.B.; Gela, DK, Iftikhor, A.; Mark, H; Henryk, T.
Deep ultraviolet light emitting diodes based on short period superlattices of AIN/AlGa(In)N. Jpn. J. Appl. Phys.
2003, 42, 1L1362. [CrossRef]

Gessmann, T.; Graff, ].W,; Li, Y.L.; Waldron, E.L.; Schubert, E.F. Ohmic contact technology in III nitrides
using polarization effects of cap layers. J. Appl. Phys. 2002, 92, 3740-3744. [CrossRef]

Chang, S.J.; Chen, C.H.; Chang, P.C.; Su, YK.; Chen, P.C; Jhou, Y.D.; Hung, H.; Wang, SM.; Luang, B.R.
Nitride-based LEDs with p-InGaN capping layer. IEEE Trans. Electron Devices 2003, 50, 2567-2570. [CrossRef]
Zhang, Y.; Krishnamoorthy, S.; Akyol, F; Johnson, ].M.; Allerman, A.A.; Moseley, M.W.; Armstrong, A.M.;
Hwang, J.; Rajan, S. Reflective metal /semiconductor tunnel junctions for hole injection in AlGaN UV LEDs.
Appl. Phys. Lett. 2017, 111, 051104. [CrossRef]

Neugebauer, S.; Hoffmann, M.P.; Witte, H.; Blasing, J.; Dadgar, A.; Strittmatter, A.; Niermann, T,;
Narodovitch, M.; Lehmann, M. All metalorganic chemical vapor phase epitaxy of p/n-GaN tunnel junction
for blue light emitting diode applications. Appl. Phys. Lett. 2017, 110, 102104. [CrossRef]

Jeon, S.-R.; Cho, M.S.; Yu, M.-A; Yang, G.M. GaN-based light-emitting diodes using tunnel junctions. IEEE ].
Sel. Top. Quantum Electron. 2002, 8, 739-743. [CrossRef]

Jeon, S.-R; Song, Y.-H.; Jang, H.-].; Yang, G.M.; Hwang, S.W.; Son, S.J. Lateral current spreading in GaN-based
light-emitting diodes utilizing tunnel contact junctions. Appl. Phys. Lett. 2001, 78, 3265-3267. [CrossRef]
Krishnamoorthy, S.; Nath, D.N.; Akyol, E; Park, PS.; Esposto, M.; Rajan, S. Polarization-engineered
GaN/InGaN/GaN tunnel diodes. Appl. Phys. Lett. 2010, 97, 203502. [CrossRef]

Krishnamoorthy, S.; Akyol, F; Park, P.S.; Rajan, S. Low resistance GaN/InGaN/GaN tunnel junctions.
Appl. Phys. Lett. 2013, 102, 113503. [CrossRef]

Schubert, M.E. Interband tunnel junctions for wurtzite III-nitride semiconductors based on heterointerface
polarization charges. Phys. Rev. B 2010, 81, 035303. [CrossRef]

Zhang, Z.-H.; Tan, S.T.; Kyaw, Z.; Ji, Y.; Liu, W.; Ju, Z.; Hasanov, N.; Sun, X.W.; Demir, H.V. InGaN/GaN
light-emitting diode with a polarization tunnel junction. Appl. Phys. Lett. 2013, 102, 193508. [CrossRef]
Krishnamoorthy, S.; Akyol, F,; Rajan, S. InGaN/GaN tunnel junctions for hole injection in GaN light emitting
diodes. Appl. Phys. Lett. 2014, 105, 141104. [CrossRef]

Zhang, YW.; Krishnamoorthy, S.; Akyol, E; Bajaj, S.; Allerman, A.A.; Moseley, M.W.; Armstrong, A.M.;
Rajan, S. Tunnel-injected sub-260 nm ultraviolet light emitting diodes. Appl. Phys. Lett. 2017, 110, 201102.
[CrossRef]

Zhang, Y.W.; Krishnamoorthy, S.; Akyol, F; Allerman, A.A.; Moseley, M.W.; Armstrong, A.M.; Rajan, S.
Design and demonstration of ultra-wide bandgap AlGaN tunnel junctions. Appl. Phys. Lett. 2016, 109,
121102. [CrossRef]

Zhang, YW.; Krishnamoorthy, S.; Akyol, E; Allerman, A.A.; Moseley, M.W.; Armstrong, A.M.; Rajan, S.
Design of p-type cladding layers for tunnel-injected UV-A light emitting diodes. Appl. Phys. Lett. 2016, 109,
191105. [CrossRef]

Li, L.; Shi, Q.; Tian, K,; Chu, C,; Fang, M.; Meng, R.; Zhang, Y.; Zhang, Z.-H.; Bi, W. A dielectric-
constant-controlled tunnel junction for II-nitride light-emitting diodes. Phys. Status Solidi A 2017, 214,
1600937. [CrossRef]

Kuo, YK,; Chang, ].Y.; Chen, EM,; Shih, Y.H.; Chang, H.T. Numerical investigation on the carrier transport
characteristics of AlGaN deep-UV light-emitting diodes. IEEE ]. Quantum Electron. 2016, 52, 3300105.
[CrossRef]

Simon, J.; Protasenko, V.; Lian, C.X,; Xing, H.L.; Jena, D. Polarization-induced hole doping in wide-band-gap
uniaxial semiconductor heterostructures. Science 2010, 327, 60-64. [CrossRef] [PubMed]


http://dx.doi.org/10.1109/2944.999184
http://dx.doi.org/10.1063/1.1535255
http://dx.doi.org/10.1063/1.1603333
http://dx.doi.org/10.1143/jjap.42.l1362
http://dx.doi.org/10.1063/1.1504169
http://dx.doi.org/10.1109/TED.2003.820131
http://dx.doi.org/10.1063/1.4997328
http://dx.doi.org/10.1063/1.4978268
http://dx.doi.org/10.1109/JSTQE.2002.800847
http://dx.doi.org/10.1063/1.1374483
http://dx.doi.org/10.1063/1.3517481
http://dx.doi.org/10.1063/1.4796041
http://dx.doi.org/10.1103/PhysRevB.81.035303
http://dx.doi.org/10.1063/1.4806978
http://dx.doi.org/10.1063/1.4897342
http://dx.doi.org/10.1063/1.4983352
http://dx.doi.org/10.1063/1.4962900
http://dx.doi.org/10.1063/1.4967698
http://dx.doi.org/10.1002/pssa.201600937
http://dx.doi.org/10.1109/JQE.2016.2535252
http://dx.doi.org/10.1126/science.1183226
http://www.ncbi.nlm.nih.gov/pubmed/20044569

Materials 2017, 10, 1221 16 of 17

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Zhang, L.; Ding, K.; Yan, J.C.; Wang, ].X.; Zeng, Y.P; Wei, T.B.; Li, Y.Y,; Sun, B.J.; Duan, R.E; Li, ] M.
Three-dimensional hole gas induced by polarization in (0001)-oriented metal-face IlI-nitride structure.
Appl. Phys. Lett. 2010, 97, 062103. [CrossRef]

Chen, Y.; Wu, H,; Han, E; Yue, G.; Chen, Z.; Wu, Z.; Wang, G.; Jiang, H. High hole concentration in p-type
AlGaN by indium-surfactant-assisted Mg-delta doping. Appl. Phys. Lett. 2015, 106, 162102. [CrossRef]
Zhang, Z.-H.; Li, L.; Zhang, Y.; Xu, E; Shi, Q.; Shen, B.; Bi, W. On the electric-field reservoir for III-nitride
based deep ultraviolet light-emitting diodes. Opt. Express 2017, 25, 16550-16559. [CrossRef] [PubMed]
Zhang, Z.H.; Liu, W,; Tan, S.T.; Ji, Y.; Wang, L.; Zhu, B.; Zhang, Y.; Lu, S.; Zhang, X.; Hasanov, N.; et al. A hole
accelerator for InNGaN/GaN light-emitting diodes. Appl. Phys. Lett. 2014, 105, 153503. [CrossRef]

Zhang, Z.-H.; Zhang, Y.; Bi, W.; Geng, C.; Xu, S.; Demir, H.V.; Sun, X.W. On the hole accelerator for Ill-nitride
light-emitting diodes. Appl. Phys. Lett. 2016, 108, 151105. [CrossRef]

Zhang, Z.-H.; Liu, W.; Ju, Z,; Tan, S.T,; Ji, Y.; Zhang, X.; Wang, L.; Kyaw, Z.; Sun, X.W.; Demir, H.V.
Polarization self-screening in [0001] oriented InGaN/GaN light-emitting diodes for improving the electron
injection efficiency. Appl. Phys. Lett. 2014, 104, 251108. [CrossRef]

Zhang, Z.-H.; Tan, S.T;; Kyaw, Z; Liu, W.; Ji, Y.; Ju, Z.; Zhang, X.; Sun, X.W.; Demir, H.V. P-doping-free
InGaN/GaN light-emitting diode driven by three-dimensional hole gas. Appl. Phys. Lett. 2013, 103, 263501.
[CrossRef]

Huang, J.; Guo, Z.Y.; Guo, M,; Liu, Y;; Yao, S.Y.; Sun, J.; Sun, H.Q. Study of deep ultraviolet light-emitting
diodes with a p-AlInN/AlGaN superlattice electron-blocking layer. J. Electron. Mater. 2017, 46, 4527-4531.
[CrossRef]

Wang, S.L.; Yin, Y.A.; Gu, HM.; Wang, N.Y,; Liu, L. Graded AlGaN/AlGaN Superlattice insert layer
improved performance of AlGaN-based deep ultraviolet light-emitting diodes. J. Disp. Technol. 2016, 12,
1112-1116. [CrossRef]

Mehnke, F; Kuhn, C.; Guttmann, M.; Reich, C.; Kolbe, T.; Kueller, V.; Knauer, A.; Lapeyrade, M.; Einfeldt, S.;
Rass, ].; et al. Efficient charge carrier injection into sub-250 nm AlGaN multiple quantum well light emitting
diodes. Appl. Phys. Lett. 2014, 105, 051113. [CrossRef]

Zhang, Z.-H.; Ju, Z.; Liu, W.; Tan, S.T.; Ji, Y.; Kyaw, Z.; Zhang, X.; Hasanov, N.; Sun, X.W.; Demir, H.V.
Improving hole injection efficiency by manipulating the hole transport mechanism through p-type electron
blocking layer engineering. Opt. Lett. 2014, 39, 2483-2486. [CrossRef] [PubMed]

Zhang, M.; Li, Y.; Chen, S.; Tian, W.; Xu, J.; Li, X;; Wu, Z.; Fang, Y.; Dai, J.; Chen, C. Performance
improvement of AlGaN-based deep ultraviolet light-emitting diodes by using staggered quantum wells.
Superlattices Microstruct. 2014, 75, 63-71. [CrossRef]

Tsai, M.-C.; Yen, S.-H.; Kuo, Y.-K. Deep-ultraviolet light-emitting diodes with gradually increased thicknesses
from n-layers to p-layers. Appl. Phys. Lett. 2011, 98, 111114. [CrossRef]

Yang, G.F; Xie, E; Dong, K.X,; Chen, P; Xue, ].].; Zhi, T.; Tao, T; Liu, B.; Xie, Z.L.; Xiu, X.Q.; et al. Design of
deep ultraviolet light-emitting diodes with staggered AlGaN quantum wells. Physica E 2014, 62, 55-58.
[CrossRef]

Yin, Y.A.; Wang, N.; Fan, G.; Zhang, Y. Investigation of AlGaN-based deep-ultraviolet light-emitting diodes
with composition-varying AlGaN multilayer barriers. Superlattices Microstruct. 2014, 76, 149-155. [CrossRef]
Kim, S.J.; Kim, T.G. Deep-ultraviolet AlGaN light-emitting diodes with variable quantum well and barrier
widths. Phys. Status Solidi A 2014, 211, 656-660. [CrossRef]

Kolbe, T.; Sembdner, T.; Knauer, A.; Kueller, V.; Rodriguez, H.; Einfeldt, S.; Vogt, P.; Weyers, M.; Kneissl, M.
(In)AlGaN deep ultraviolet light emitting diodes with optimized quantum well width. Phys. Status Solidi A
2010, 207, 2198-2200. [CrossRef]

Hideki, H.; Norimichi, N.; Tohru, Y.; Norihiko, K. 227 nm AlGaN light-emitting diode with 0.15 mW output
power realized using a thin quantum well and AIN buffer with reduced threading dislocation density.
Appl. Phys. Express 2008, 1, 051101. [CrossRef]


http://dx.doi.org/10.1063/1.3478556
http://dx.doi.org/10.1063/1.4919005
http://dx.doi.org/10.1364/OE.25.016550
http://www.ncbi.nlm.nih.gov/pubmed/28789158
http://dx.doi.org/10.1063/1.4898588
http://dx.doi.org/10.1063/1.4947025
http://dx.doi.org/10.1063/1.4885421
http://dx.doi.org/10.1063/1.4858386
http://dx.doi.org/10.1007/s11664-017-5413-0
http://dx.doi.org/10.1109/JDT.2016.2583438
http://dx.doi.org/10.1063/1.4892883
http://dx.doi.org/10.1364/OL.39.002483
http://www.ncbi.nlm.nih.gov/pubmed/24979024
http://dx.doi.org/10.1016/j.spmi.2014.07.002
http://dx.doi.org/10.1063/1.3567786
http://dx.doi.org/10.1016/j.physe.2014.04.014
http://dx.doi.org/10.1016/j.spmi.2014.10.003
http://dx.doi.org/10.1002/pssa.201330258
http://dx.doi.org/10.1002/pssa.201026046
http://dx.doi.org/10.1143/apex.1.051101

Materials 2017, 10, 1221 17 of 17

88. Hirayama, H.; Yatabe, T.; Noguchi, N.; Ohashi, T.; Kamata, N. 231-261 nm AlGaN deep-ultraviolet
light-emitting diodes fabricated on AIN multilayer buffers grown by ammonia pulse-flow method on
sapphire. Appl. Phys. Lett. 2007, 91, 071901. [CrossRef]

89. Norimichi, N.; Hirayama, H.; Yatabe, T.; Kamata, N. 222 nm single-peaked deep-UV LED with thin AlGaN
quantum well layers. Phys. Status Solidi C 2009, 6, 5459-5461. [CrossRef]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.2770662
http://dx.doi.org/10.1002/pssc.200880923
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Increase the Hole Injection Efficiency from the p-Type Ohmic Contact into the Hole Supplier 
	Enhance the Hole Transport within the Hole Supplier 
	Reduce the Hole Blocking Effect by the p-EBL 
	Increase the Hole Concentration in the MQW Region 
	Summary 

