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Abstract

AlGaN-based deep ultraviolet light-emitting diodes (DUV LEDs) are featured with
small size, DC driving, no environmental contamination, etc., and they are now
emerging as the excellent solid-state light source to replace the conventional
mercury-based light tubes. Nevertheless, the DUV LEDs are currently affected by
the poor external quantum efficiency (EQE), which is caused by the low internal
quantum efficiency (IQE) and very unsatisfying light extraction efficiency (LEE). In
this work, we will disclose the underlying mechanism for the low EQE and sum-
marize the technologies that have been adopted so far for enhancing the EQE.
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Chapter 1
Introduction

Abstract After the successful commercialization for InGaN/GaN blue light-
emitting diodes that are used to generate white light, the development of AlGaN
based deep ultraviolet light-emitting diodes (DUV LEDs) promises the complete
replacement for mercury-based fluorescence light tubes and this guarantees that the
Minamata Convention on Mercury can be fulfilled by the end of the year of 2020.
Therefore, developing high-efficiency AlGaN based DUV LEDs is regarded as the
next revolutionary event for solid-state lighting. In this book, we will review the
current status and summarize the challenges for DUV LEDs. Meanwhile, we also
suggest the research spots that are worth investigating for DUV LEDs.

As the solid-state light source, AlGaN-based deep ultraviolet light-emitting diodes
(DUV LEDs) are energy-saving, DC driving, portable with very small size,
contamination-free to the globe, which make DUV LEDs as very excellent can-
didate for water sterilization, air purification etc. [1]. Therefore, AlGaN-based DUV
LEDs have attracted significant research efforts recently. However, at the current
stage, the external quantum efficiency (EQE) for DUV LEDs is low, and most of the
reported EQE is even lower than 10% for the devices with the peak emission wave-
length shorter than 280 nm (see Fig. 1.1) [2], which EQE number cannot efficiently
kill all the bacteria in the drinking water with high flow rate. As a result, before
the massive penetration into the market to replace the conventional mercury based
deep ultraviolet light source, it is essentially important to enhance the EQE for DUV
LEDs. The EQE is co-affected by both the internal quantum efficiency (IQE) and
the light extraction efficiency (LEE) [3–5].

As is well known, the IQE for III-nitride based LEDs is subject to the crystalline
quality, the carrier injection efficiency, the current spreading, the self-heating effect,
the polarization induced electric field within the [0001] oriented multiple quantum
wells (MQWs), etc. [1, 3–6]. On the other hand, the TM-polarized optical photons
for DUV LEDs make the mechanism of the light propagation unique, such that the
TM-polarized light tends to escape from the sidewalls for the devices [7].Meanwhile,
the strong optical absorption for DUV photons arises from the passive layers with the
smaller energy band gap and the absorptive contactmetal further reduces the LEE [8].
Therefore, tremendous efforts shall bemade to improve both the IQE and the LEE for
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2 1 Introduction

Fig. 1.1 Summary of the reported EQE for DUV LEDs. Reproduced from Ref. [2], with the
permission of MDPI

DUV LEDs. This work will review the most recently reported methods to enhance
the EQE for DUV LEDs. In the meantime, the underlying physical mechanism is
also discussed.
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Chapter 2
Increase the IQE by Improving
the Crystalline Quality for DUV LEDs

Abstract The roadmap for AlGaN based DUV LEDs is similar to that for InGaN
based visible LEDs, such that the success of achieving high crystalline-quality epi-
layers is the precondition for fabricating high-brightness DUV LEDs. This chapter
will review the most adopted technologies for growing high-quality Al-rich AlGaN
films, which is regarded as the milestone for making high-efficiency DUV LEDs.

There occur very huge lattice mismatch and the thermal mismatch when the Al-rich
AlGaN layers are grown on the flat sapphire substrate [1, 2], which cause the high
threading dislocation density (TDD) in the order of 1010–1011 cm−2 [3]. According
to the report by Khan et al., the absence of the localized states in the AlGaN based
quantum wells further makes radiative recombination sensitive to the TDs for DUV
LEDs [4], thus causing the IQE as low as 10% according to Fig. 2.1 [5, 6]. As a
result, substantial efforts have to be made to reduce the TDD and correspondingly
improve the IQE. For achieving that goal, nano-patterned sapphire substrates have
been proposed and fabricated. The growth of the Al-rich AlGaN layer on the nano-
patterned sapphire substrate originates from the fact that the low mobility for the Al
adatoms causes a long coalescence time for the AlN buffer layer [7–9]. At the cur-
rent stage, the epitaxial growth on nano-patterned substrates is deemed as the most
reliable technique for growing high-quality AlGaN based DUV LEDs. The advan-
tage of the growing Al-rich AlGaN based DUV LEDs on nano-patterned substrates
has been studied and shows the advantage in suppressing the TDD and reducing the
Shockley-Read-Hall (SRH) lifetime [10–12]. According to the report by Zhang et al.,
the edge and screw dislocation density can be reduced to 6.3 × 107 cm−2 and 3.2 ×
108 cm−2, respectively [12], which number can predict the intrinsic IQE as high
as 70% according to Fig. 2.1 [5]. Here, the intrinsic IQE is measured by using the
low-temperature photoluminescence method, which does not get the carrier injec-
tion involved. However, if the growth cost is not considered, then the TDD can be
remarkably reduced to 103–105 cm−2, which number is obtained by growing Al-rich
AlGaN layers on the free-standing AlN substrate [13–19]. The DUV LED grown
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6 2 Increase the IQE by Improving the Crystalline Quality for DUV …

Fig. 2.1 Calculated IQE in terms of different dislocation density for DUVLEDs. Reproduced from
Ref. [5], with the permission of IOP Publishing

on AlN free-standing substrate can make the intrinsic IQE very close to 100%. Ref.
[20] has comprehensively summarized the most recently reported TDD values that
are obtained by different growth techniques on various substrates, by combing Ref.
[20] and Fig. 2.1, one can easily estimate the intrinsic IQE for DUV LEDs grown by
different technique.
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Chapter 3
Improve the Current Spreading for DUV
LEDs

Abstract After the crystalline quality for Al-rich AlGaN layer is significantly
improved, it is then the time to design novel DUV LED structures. DUV LEDs
are driven electrically which get carrier transport and current injection involved. One
of the challenges is the current crowding effect, which easily occurs in the DUV
LEDs. Hence, it is important to show people physical images on the underlying
reason for the current crowding and the solution proposals for current spreading.

The non-active layers for DUVLEDs have the energy band smaller than the energy of
the DUV photons, and therefore the EQE for DUV LEDs is strongly affected by the
optical absorption [1, 2]. The non-active AlGaN layers are also Al-rich, whichmakes
the ionization efficiency for dopants low and leads to the bad electrical conductivity
[3]. On the other hand, most of the DUVLEDs are growing on the insulating sapphire
substrate. Thus flip-chip structures are utilized for better light extraction efficiency.
Nevertheless, the flip-chip DUV LEDs require the n-electrode and the p-electrode
on the same side. As a result, significant nonuniform current distribution readily
occurs for DUV LEDs [4, 5]. Currently, reports on the techniques to improve the
currents spreading for DUV LEDs are rare. Attention has been made to optimize
the pattern for the p-electrode [6, 7], and the optimized p-electrode can reduce the
current crowding effect, suppress the self-heating effect and improve the wall-plug
efficiency (WPE). Hrong et al. propose to deposit the Zinc gallate (ZnGa2O4; ZGO)
thin film serving as the current spreading layer for DUVLEDs [8]. The advantages of
the ZGO include very high transmittance in the 280 nm range and excellent electrical
conductivity. Another design concern regarding the current spreading is the chip size
for DUV LEDs, and according to the report by Kim et al. [9], a circular chip with
properly small chip size is helpful to enhance the current spreading effect. However,
we suggest improving the current spreading effect by epitaxially growing in situ
current spreading layer in the DUV LED architectures, which can remarkably save
the budget and the difficulty for fabricating the chips.
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Chapter 4
Improve the Hole Injection to Enhance
the IQE for DUV LEDs

Abstract The very low doping efficiency for the p-type Al-rich AlGaN layers indi-
cates that the hole injection capability for DUV LEDs can be poor. Therefore, we
ought to investigate the approaches to enable high-efficiency hole injection. In this
chapter, we propose novel DUV LED architectures to make “hot” holes, increase the
hole concentration in the p-type layer, and reduce the hole blocking effect that arises
from the p-type electron blocking layer (p-EBL).

Although the very high intrinsic IQE can be obtained as long as the TDD can be
reduced to a decent level, the DUV LEDs are electrically driven. Hence the IQE
is strongly associated with the carrier injection. The hole injection layer for AlGaN
based DUVLEDs normally comprises the p-type electron blocking layer (p-EBL)/p-
AlGaN/p-GaN structure. This illustrates that the Mg ionization efficiency be even
smaller than 1% at room temperature, and hence the free hole concentration can be
lower than 1017 cm−3 [1]. Moreover, the holes will experience two energy barriers
when traveling through the p-EBL/p-AlGaN/p-GaN structure, which further retards
the hole transport. Currently, one approach to enhance the hole injection efficiency
is to increase the Mg doping efficiency for the p-AlGaN layer. The enhanced Mg
doping efficiency can be achieved by using the three-dimensional hole gas (3DHG)
[2, 3], Mg-delta doping [4–7] and the indium-surfactant-assisted Mg-delta doping
[8]. The indium-surfactant-assisted Mg-delta doping method can increase the free
hole concentration up to 4.75× 1018 cm−3 for the p-GaN layer according to the report
by Chen et al. [8]. Besides, the superlattice structure is another alternative to enhance
the Mg ionization coefficient, such that the polarization induced electric field in the
superlattice structure triggers the Poole-Frenkel effect [9–13]. Another proposal to
increase the hole transport across the p-type layer is to suppress the barrier height for
holes, which is doable by adopting the p-AlGaN layer with the multiple stair-cased
AlN compositions or grading the AlN composition [14, 15].

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2019
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Fig. 4.1 a Schematic energy band diagram for the electric-field reservoir, in which there exists
an interface depletion region in the p-AlxGa1−xN layer, b schematic electric field profile in the
interface depletion region. Here, Ec, Ev, Efe, Efh and Fh denote the conduction band, the valence
band, the quasi-Fermi level for electrons, the quasi-Fermi level for holes, and the effective valence
band barrier height for the p-AlxGa1−xN layer side. Note, the alignment of the quasi-Fermi level
for holes sketches that there exists a hole depletion region in the p-AlxGa1−xN side for the p-
AlxGa1−xN/p-GaN interface, i.e., interface depletion region. Reproduced from Ref. [18], with the
permission of Optical Society of America

4.1 Make Holes “Hot” for DUV LEDs

As is well known, the hole transport across the p-EBL strongly depends on the
hole energy [16, 17]. Unfortunately, the mobility for holes is smaller than that for
electrons, which represents that the drift velocity and the thermal energy for holes
have to be enhanced fromanother prospect, i.e., playingwith the electric field. For that
purpose, we propose the electric field reservoir (EFR) which proves to be effective in
increasing the hole energy for DUV LEDs [18]. The schematic energy band diagram
of the EFR for DUV LEDs is shown in Fig. 4.1a. The EFR is a p-AlxGa1−xN/p-GaN
heterojunction, which has a very pronounced impact on the hole injection. There
exists the build-in electric field in the p-AlxGa1−xN/p-GaN interface according to
Fig. 4.1b. Fortunately, the electric field is of the same direction as the one that is
generated by the external bias, and this helps to increase the drift velocity and the
corresponding thermal energy for holes. On the other hand, if the build-in electric
field penetrates the whole p-AlxGa1−xN layer, then the holes will be substantially
depleted. As a result, the EFR has to increase the hole energy without significantly
depleting the holes.

To better clarify the effect of the EFR on the hole injection and the optical power
forDUVLEDs, five devices are designed and investigated. The structural information
for different p-EBL/p-AlxGa1−xN architectures are demonstrated in Table 4.1. The
electric field profiles within the p-AlxGa1−xN/p-GaN layers for different DUVLEDs
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Table 4.1 Device structures for the studied DUV LEDs

Devices p-A1xGa1–xN �h(meV) p-A1yGa1–yN Work (meV)

Original device p-GaN (50 nm) 0 p-Al0.68Ga0.32N
EBL (10 nm)

−277.50

Reference device p-Al0.49Ga0.51N
(50 nm)

583.00 p-Al0.68Ga0.32N
EBL (10 nm)

−7454.70

Device 1 (Dl) p-Al0.49Ga0.51N
(50 nm)

460.00 p-Al0.60Ga0.40N
EBL (10 nm)

−5456.10

Device 2 (D2) p-Al0.40Ga60N
(50 nm)

322.00 p-Al0.68Ga0.32N
EBL (10 nm)

−381.97

Device 3 (D3) P-Al0.30Ga0.70N
(50 nm)

238.00 p-Al0.68Ga0.32N
EBL (10 nm)

−365.72

Reproduced from Ref. [18], with the permission of Optical Society of America

Fig. 4.2 a Electric field profiles within the p-type regions, b optical power density for the devices
in Table 4.1. Fig. a is reproduced from Ref. [18], with the permission of Optical Society of America

are presented in Fig. 4.2a, from which we can see that the reference device and D1
have very strong electric field intensity and the p-AlxGa1−xN layers are fully depleted.
The hole depletion effect becomes small for D2 and D3. The energy that the holes
obtain can be calculated by followingW � e×∫ l

0 Efield × dx, where e, l,Efield denote
the unit electronic charge, the integration range and the electric field, respectively.
The results are shown in Table 4.1. Note, the “-” sign means that the holes receive
energy from the electric field. Although Reference device and D1 have obtained very
big energy from the EFR, the significant hole depletion effect in the p-AlxGa1−xN
layer sacrifices the hole injection, and therefore the optical power density is not the
strongest [see Fig. 4.2b]. Although the hole energy for D2 is not as large as that for
Reference device and D1, the hole concentration in the p-AlxGa1−xN layer is higher.
As the result, D2 produces the largest optical power density according to Fig. 4.2b.
We then will explain Fig. 4.2b in detail as follows.

Figure 4.3a shows the numerically calculated EQE and the optical power density
in terms of the injection density, which is consistent with Fig. 4.2b. Figure 4.3a is
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Fig. 4.3 a Numerically calculated EQE and optical power density, b hole concentration profiles in
the MQWs and the p-AlxGa1−xN layer for the original device and the reference device. Fig. b is
calculated at the current density of 150 A/cm2. Figures are reproduced from Ref. [18], with the
permission of Optical Society of America

presented in semilog scale, and we can see that the enhancement of the EQE is sig-
nificant, which is as large as 105. Figure 4.3b shows the hole concentration profiles
in the MQW region and in the p-AlxGa1−xN layer for the original device and the
reference device. It shows the very strong hole depletions in the p-AlxGa1−xN layer
for the reference device, which agrees well with our discussions for Fig. 4.2a. Never-
theless, according to Table 4.1, we can get that the holes are able to be substantially
accelerated for the reference device than that for the original device. Therefore, the
hole injection efficiency for the reference device is much stronger than that for the
original device, which can be readily obtained by looking into the hole concentra-
tion profiles in the MQWs for the two devices. The hole concentration level for the
reference device is improved by 107 according to our calculations. Investigations
into Fig. 4.3a and b conclude that the EFR structure can increase the hole energy by
making holes “hot”. “Hot” holes can be more efficiently injected into the MQWs.

Figure 4.4a and b demonstrate the calculated EQE, the optical power density and
the hole concentrations profiles for the reference device and Device 1, respectively.
Table 4.1 shows that the holes can obtain less energy from Device 1, which explains
the smaller EQE forDevice 1 than that for the reference device. On the other hand, the
difference for the hole energy between the reference device and Device 1 is smaller
than that between the original device and the reference device. Therefore, the EQE
enhancement in Fig. 4.4a is not as big as that in Fig. 4.3a. The same conclusion can
also be made for Fig. 4.4b when compared with Fig. 4.3b, which further proves that
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Fig. 4.4 a Numerically calculated EQE and optical power density, b hole concentration profiles in
the MQWs and the p-AlxGa1−xN layer for the reference device and Device 1. Fig. b is calculated
at the current density of 150 A/cm2. Figures are reproduced from Ref. [18], with the permission of
Optical Society of America

the hole injection is strongly subject to the hole energy. However, we can also get
that, in spite of the improvement when compared to the original device and Device 1,
the EQE value for the reference device is as low as 1%. The very low EQE indicates
that the structure for the reference device is not fully optimized, and the EFR needs
further exploration. We believe that the hole injection for the reference device can
be further promoted if the hole depletion effect within the p-AlxGa1−xN layer can be
properly suppressed.

The electric field profiles in Fig. 4.2a indicate that the hole depletion effect in the p-
AlxGa1−xN layer may be suppressed for Devices 2 and 3. Therefore, comparisons are
conducted among the reference device, Devices 2 and 3 in Fig. 4.5a and b. We firstly
show the calculated EQE and the optical power density as a function of the injection
current density in Fig. 4.5a, which shows that the strongest EQE can be obtained from
Device 2. The EQE for Device 2 can overtake the EQE for the reference device when
the current density exceeds 50 A/cm2 according to Fig. 4.5a. To interpret the origin
for the improved EQE for Device 2, we then present the hole concentration profiles
for the three investigated devices in Fig. 4.5b. We can see that the holes are less
depleted in the p-AlxGa1−xN layer for Devices 2 and 3, which therefore increases
the hole concentration and promotes the hole injection. Comparison between the
hole concentration profiles between Devices 2 and 3 shows that Device 2 has the
higher hole concentration than Device 3, which is attributed to the lager hole energy
according to Table 4.1. However, whenwe look into the hole concentration profiles in



16 4 Improve the Hole Injection to Enhance the IQE for DUV LEDs

Fig. 4.5 a Numerically calculated EQE and optical power density, b hole concentration profiles in
theMQWs and the p-AlxGa1−xN layer, and c lateral hole concentration profiles in the p-AlxGa1−xN
layer for the reference device, Devices 2 and 3. Fig. b and c are calculated at the current density
of 150 A/cm2. Figures are reproduced from Ref. [18], with the permission of Optical Society of
America

theMQWs for the three devices, we find that the hole concentration level for Devices
2 and 3 are lower than that for the reference device. Then, we realize that the hole
concentration in the p-AlxGa1−xN layer influences the electric conductivity and the
current spreading. Meanwhile, the flip-chip DUV LEDs have both the p-electrode
and the n-electrode on the same side, which further makes the lateral current more
sensitive to the hole concentration in the p-AlxGa1−xN layer as discussed in Sect. 4.3.
We then present the lateral hole concentration profiles in the p-AlxGa1−xN layer for
the reference device, Devices 2 and 3 in Fig. 4.5c, which illustrates that the holes are
more crowded at the right mesa edge. Nevertheless, the overall hole concentration
for Device 2 is the highest among the three devices. Therefore the strongest optical
power density is produced by Device 2 in Fig. 4.5a. Figure 4.5c implies the EQE
for DUV LEDs can be further promoted if the current spreading can be improved,
and this also indicates the importance of improving the current spreading for DUV
LEDs.

The hole concentration and the electric field are directly linked with the current-
voltage characteristics. Therefore, we calculate and present the relationship between
the current and the voltage for the studied DUV LEDs. Figure 4.6a compares the
current-voltage characteristics for the original device and the reference device, which
illustrates that the forward voltage has been significant increase for the reference
device. Although the original device consumes the small forward voltage, the very
low EQE [see Fig. 4.3a] makes it impossible for the realistic usage. Currently, most
of the DUV LEDs utilize the similar p-type hole injection layer as in the reference
device, i.e., p-EBL/p-AlxGa1−xN/p-GaN structure, which indicates the urgency in
reducing the forward voltage and the understanding the device physics for the p-
EBL/p-AlxGa1−xN/p-GaN structured hole injection layer. The comparison between
the reference device and Device 1 in Fig. 4.6b implies the slight reduction of the
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Fig. 4.6 Current-voltage characteristics for a the original device and the reference device, b the
reference device and Device 1, c the reference device, Devices 2 and 3. Figures are reproduced from
Ref. [18], with the permission of Optical Society of America

forward voltage can be obtained by reducing the AlN composition for the p-EBL
layer. The reduced AlN composition decreases the electric field in the p-AlxGa1−xN
layer according to Fig. 4.2a. However, the low AlN composition in the p-EBL may
cause the poor electron injection efficiency. Then, we have to reduce the electric
field in the p-AlxGa1−xN layer by utilizing the alternatives, i.e., reducing the AlN
composition for the p-AlxGa1−xN layer. Therefore, we next compare the current-
voltage characteristic for the reference device, Devices 2 and 3 in Fig. 4.6c. The
forward voltages for Devices 2 and 3 have been largely reduced. If we refer to
Fig. 4.2a, we can see that the electric field in the p-AlxGa1−xN layer for Devices 2
and 3 is not as strong as that for the reference device and Device 1. Once the electric
field becomes weak, then the hole depletion effect in the p-AlxGa1−xN layer is also
suppressed. Therefore, the forward voltage for Devices 2 and 3 can be remarkably
reduced. Although Device 3 has the smallest forward voltage, the holes can get
the least energy, and the increased valence band offset between the p-EBL and the
p-AlxGa1−xN layer further hinders the hole injection. Therefore, we speculate that
Device 2 can be the best design in our case.

We then calculate and present the wall-plug-efficiency in terms of the injection
current density for the investigated DUV LEDs in Fig. 4.7a–c. Figure 4.7a shows
that the reference device possesses the higher wall-plug-efficiency than the orig-
inal device. The wall-plug-efficiency for Device 1 is comparable to the reference
device according to Fig. 4.7b. Figure 4.7c illustrates that Device 2 produces the best
wall-plug-efficiency. Moreover, we also know that Device 2 shows the highest EQE
[see Fig. 4.5a] and the reduced forward voltage [see Fig. 4.6c]. Therefore, the most
optimized structure is Device 2 in our case, and this agrees well with our analysis
previously.

Hence, although the p-EBL/p-AlxGa1−xN/p-GaN structure has been widely used
for AlGaN based DUV LEDs, the physical mechanism on the hole injection for the
p-EBL/p-AlxGa1−xN/p-GaN structure is not clear till now. We find that by properly
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Fig. 4.7 Wall-plug-efficiency as a function of the injection current density for a the original device
and the reference device, b the reference device and Device 1, c the reference device, Devices 2
and 3. Figures are reproduced from Ref. [18], with the permission of Optical Society of America

designing the p-EBL/p-AlxGa1−xN/p-GaN structure, one canmake “hot” holes with-
out sacrificing the hole concentration in the p-EBL/p-AlxGa1−xN/p-GaN structure.
The advantage of the p-EBL/p-AlxGa1−xN/p-GaN structure is that the electric field
always exists at the p-AlxGa1−xN/p-GaN interface without being screened by the
free carriers. As a result, the holes can continuously obtain the energy by making
themselves “hot”. However, an unoptimized p-EBL/p-AlxGa1−xN/p-GaN structure
may significantly deplete the holes, which therefore leads to the insufficient hole
injection and the very high forward voltage. Therefore, the findings here provide
the additional understanding and enrich the device physics for AlGaN based DUV
LEDs.

4.2 Superlattice p-EBL to Improve the Hole Injection
Efficiency

Another obstacle for the hole injection arises from the p-EBL [19]. One promising
way to suppress the hole blocking effect is to increase the Mg doping efficiency for
the p-EBL, which, as has been mentioned previously, can be realized by utilizing
superlattice structure [9–13]. The increased Mg doping efficiency and the corre-
sponding improved hole concentration in the p-EBL can reduce the valence band
barrier height [20]. Besides the Mg doping concentration, Kolbe et al. suggest that
the AlN composition for the p-EBL shall also be fully optimized [21]. Recently,
we have proposed a p-AlGaN/p-AlGaN superlattice EBL structure for DUV LEDs.
The AlN composition for the proposed superlattice EBL is specially designed in the
way that the superlattice loop starts from the thin p-AlGaN layer with a lower AlN
composition. The detailed structure information for the p-EBLs is demonstrated in
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Fig. 4.8 Schematic structures for DUV LEDs with p-Al0.60Ga0.40N EBL (LED A) and p-
Al0.60Ga0.40N/p-Al0.45Ga0.55N superlattice EBL (LED B). Reproduced from Ref. [13], with the
permission of Springer

Fig. 4.8. LED A has the conventional p-Al0.60Ga0.40N EBL and LED B has the p-
Al0.60Ga0.40N/p-Al0.45Ga0.55N superlattice EBL. As has been mentioned, the super-
lattice p-EBL initiates from the thin p-Al0.45Ga0.55N layer, since by doing so, the
Al0.56Ga0.44N/p-Al0.45Ga0.55N interface can have the negative polarization induced
sheet charges, which are very useful in increasing the electron blocking effect by the
last quantum barrier.

We demonstrate the electroluminescence (EL) spectra for LEDs A and B in
Fig. 4.9a, which shows that the EL intensity for LED B is stronger than that for
LED A at the tested current density levels. With the EL spectra at different current
density levels, we are able to get the EQE and the optical power density as a function
of the injection current density as shown in Fig. 4.9b. When we compare LEDs A
and B, the experimental enhancement is ~90% and the efficiency droop is reduced
from 24 to 4% at the current density of 110 A/cm2. Meanwhile, Fig. 4.9c presents the
numerically calculated EQE and optical power density at different injection current
density levels. Figure 4.9c has numerically reproduced Fig. 4.9b, such that the EQE
has been remarkably improved and the efficiency droop has been substantially sup-
pressed. The excellent agreement between the experimentally measured results and
the numerically calculated ones indicates that the models and the parameters that we
set in our numerical calculations are reasonable.

To probe the origin for the enhanced optical power for LED B, we calculate and
show the hole concentration profiles for LEDs A and B in Fig. 4.10a. We can clearly
see that the hole concentration level in the MQWs for LED B is much higher than
that for LED A. The enhanced hole concentration translates to the improved radia-
tive recombination rate in the MQWs. Figure 4.10b presents the hole concentration
profiles in the p-EBLs and the p-Al0.40Ga0.60N layers, which show that the super-
lattice p-EBL possesses the higher overall hole concentration. Moreover, the hole
concentration at the interface of the superlattice p-EBL and the p-Al0.40Ga0.60N layer
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Fig. 4.9 a Measured EL spectra, b measured EQE and optical power density, c calculated EQE
and optical power density. Reproduced from Ref. [13], with the permission of Springer

for LED B decreases when compared to that for LED A. The decreased hole con-
centration level at the p-EBL/p-Al0.40Ga0.60N interface well indicates the reduced
hole blocking effect by the superlattice p-EBL. As we have mentioned earlier, the
other advantage of this design is the reduced electron leakage. We show the EL
spectra in the semilog scale in Fig. 4.10c, and we can see that the parasitic emission
in the p-GaN layer for LED B produces the smaller intensity than that for LED A.
The reduced intensity for the parasitic emission is ascribed to the reduced electron
leakage. Figure 4.10d demonstrates the calculated electron concentration profiles
in the p-EBLs and the p-Al0.40Ga0.60N layers for LEDs A and B, and it shows the
suppressed electron leakage current by adopting the proposed superlattice p-EBL.
The calculated results in Fig. 4.10d agree well with the speculations in Fig. 4.10c.

Wecalculate andpresent the energybanddiagrams in thevicinity of the p-EBLs for
LEDsA andB in Fig. 4.11a and b, respectively. The hole injection is strongly affected
by the effective valence band barrier height for the p-EBL, which is represented as
Øh. As has been shown in Fig. 4.10b, the superlattice p-EBL increases the hole
concentration which enables a reduced Øh for the p-EBL. The calculated values for
Øh are ~324 and ~281 meV for LEDs A and B, respectively at the current density
of 50 A/cm2. The strong polarization induced positive charges at the last quantum
barrier/p-EBL interface can significantly attract electrons, giving rise to the high
local electron concentration. The high local electron concentration can reduce the
effective conduction band barrier height (i.e., Øe). The effective conduction band
barrier height of the p-EBL is ~295 meV for LED A. The conduction band of the
last quantum barrier for LED B is tilted upwards which helps to reduce the electron
accumulation in the last quantum barrier. Therefore, the superlattice p-EBL increases
the effective conduction band barrier height to ~391meV. Figure 4.11b demonstrates
the experimentally measured current density in terms of the applied voltage. The
forward voltage for LED B is reduced when compared to LED A, which is attributed
to the improved hole injection and the enhanced radiative recombination rate in the
MQW region.
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Fig. 4.10 Numerically calculated hole concentration profiles in a MQWs for LEDs A and B,
b p-EBLs and p-Al0.40Ga0.60N layers for LEDs A and B, c experimentally measured EL spectra
at different injection current density levels, which are plot in semilog scale for LEDs A and B,
d numerically calculated electron concentration profiles in p-EBLs and p-Al0.40Ga0.60N layers for
LEDsA andB.Data for Fig. a,b and d are calculated at the current density of 50A/cm2. Reproduced
from Ref. [13], with the permission of Springer

In summary, the advantage of the specifically designed superlattice p-EBL has
been demonstrated. The proposed structure can significantly increase the hole con-
centration in the superlattice p-EBL, which correspondingly improves the hole injec-
tion into the MQW region. The enhanced hole concentration in the MQWs enables
themore efficient electron-hole radiative recombination rate, which helps to suppress
the electron leakage. In the meanwhile, the specifically designed superlattice p-EBL
also increases the electron blocking effect by the last quantum barrier. As a result,
the EQE has been improved and the nearly-efficiency-droop performance has been
obtained. Although the superlattice p-EBL is super in improving the EQE for DUV
LEDs, one shall pay more attention when growing the very thin layer.
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Fig. 4.11 Numerically calculated energy band diagrams in the vicinity of the p-EBLs for a LED
A and b LED B, c experimentally measured current as a function of the applied bias. EC , EV , Øe
and Øh denote the conduction band, the valence band, the effective barrier heights for conduction
band and valence band, respectively. Fig. a and b are calculated at the current density of 50 A/cm2.
Reproduced from Ref. [13], with the permission of Springer

4.3 Manipulate the Hole Injection Mechanism by Using
Novel p-EBLs Structure for DUV LEDs

It is also unambiguous that the hole injection can be improved by reducing the p-
EBL thickness, since by doing so, the intraband tunneling efficiency for holes can
be enhanced [22]. The intraband tunneling process can also be enabled for a thick
p-EBL according to our previous report [23]. We insert a very thin AlGaN layer in
the p-EBL, and the AlN composition for the AlGaN insertion layer is lower than that
for layers L1 and L2 [see Fig. 4.12b]. Meanwhile, we purposely make layer L2 thin
so that both the thermionic emission (P0) and the intraband tunneling process (P1)
can be simultaneously allowed. Then the hole concentration in the thin AlGaN layer
will become high which is very useful to reduce the valence band barrier for layer L1,
and thus facilitating the thermionic emission of P2. The valence band diagrams for
the DUVLEDs are presented in Fig. 4.12c and d, respectively. The calculated barrier
heights for the two p-EBLs are shown in Table 4.2. We can see that the valence band
barrier height in layer L1 for holes is smaller, which promises the enhanced hole
injection efficiency by using the proposed p-EBL architecture in Fig. 4.12b.

To more clearly address the advantage of the p-AlGaN/AlGaN/p-AlGaN EBL
over the conventional p-AlGaN EBL in increasing the hole injection efficiency, we
calculate and show the hole concentration profiles in the vicinity of the p-EBL and
in the MQWs in Fig. 4.13a and b for Devices A and B, respectively. Figure 4.13a
demonstrates that the hole accumulation between the p-EBL and the p-Al0.40Ga0.60N
layer decreases if we compare Device B to Device A. The reduced hole accumula-
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Fig. 4.12 Schematic energy band diagrams for a DUV LED with p-AlGaN EBL, b DUV LED
with p-AlGaN/AlGaN/p-AlGaN EBL, c valence band for p-AlGaN EBL, and d valence band for
p-AlGaN/AlGaN/p-AlGaN EBL. Φh, φH , and φh denote the effective valence band barrier height
at different positions for both p-EBLs. Ev and Efh represent the valence band edge and the quasi-
Fermi level for holes, respectively. Reproduced from Ref. [23], with the permission of American
Chemistry Society

Table 4.2 Calculated values
of Φh, φH , and φh for
Devices A and B

– Device A Device B

φh (meV) ~206.51 ~217.40

φH (meV) – ~234.64

Φh (meV) ~335.18 ~303.41

Reproduced from Ref. [23], with the permission of American
Chemistry Society

tion level at the p-EBL/p-Al0.40Ga0.60N interface for Device B reflects the reduced
hole blocking effect by the p-AlGaN/AlGaN/p-AlGaN EBL. To further prove the
effectiveness of the p-AlGaN/AlGaN/p-AlGaN EBL in enhancing the hole injection
capability, the hole concentration profiles within the MQWs for Devices A and B
are shown in Fig. 4.13b, which clearly addresses that the hole concentration in the
MQWs for Device B is higher than that for Device A. Because of the enhanced
hole concentration level, the radiative recombination rate for Device B increases as
presented in Fig. 4.13c.

Then, we show the experimentally measured and numerically calculated EQE
and optical power in terms of the injection current for Devices A and B in Fig. 4.14a
and b, respectively. From the perspective of the measurement and the calculation,
the EQE and the optical power are both improved for Device B, e.g., the power
is enhanced by ~19.38% at the current of 250 mA according to Fig. 4.14a. On
the other hand, the agreement between the experimentally measured results and
the numerically calculated results validate the physical models and the parameters
that are adopted during our numerical simulations, which further illustrates that the
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Fig. 4.13 a Hole concentration profiles in the p-EBL and the p-Al0.40Ga0.60N layer, b hole con-
centration profiles in the MQWs, and c radiative recombination rate in the MQWs for Devices A
and B. Fig. a, b and c are calculated at the current of 100 mA. The chip size is 650 × 320 μm2.
Reproduced from Ref. [23], with the permission of American Chemistry Society

proposed p-AlGaN/AlGaN/p-AlGaN EBL reduces the hole blocking effect by the
p-EBL and eventually increases the hole injection efficiency for AlGaN based DUV
LEDs.

Furthermore, we also investigate the sensitivity of the hole injection to different p-
AlGaN/AlGaN/p-AlGaN EBLs, and our studies show that the thickness, the position
and the AlN composition for the AlGaN insertion layer have to be optimized, e.g.,
a too thick AlGaN insertion layer cannot effectively confine electrons [24]; we also
have to keep layer L2 thin and the AlN composition of the AlGaN insertion layer
proper for enabling the intraband tunneling process of P0 [25]. In this section, wewill
highlight the importance of the thickness of the layer L2 of Fig. 4.12b in affecting
the hole injection.

When we discuss Fig. 4.12b, we have predicted that layer L2 in Fig. 4.12b has to
be made thin so that the intraband tunneling for holes can be significant. To further
prove it, we design the devices that are shown in Fig. 4.15. The reference device
has the 10 nm thick p-Al0.60Ga0.40N as the EBL. The proposed devices utilize the
10 nm thick p-Al0.60Ga0.40N(L1)/p-AlyGa1−yN/p-Al0.60Ga0.40N(L2) EBLs, for which
the AlN composition for the 7 nm p-AlyGa1−yN layer and the thickness for the p-
Al0.60Ga0.40N layers are variables.
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Fig. 4.14 a Experimentally measured and b numerically calculated EQE and optical power for
Devices A and B. Reproduced from Ref. [23], with the permission of American Chemistry Society

Al0.45Ga0.55N/n-Al0.56Ga0.44N
5-pair MQWs p-Al0.60Ga0.40N  L1

proposed samples

p-AlGaN (10 nm)

p-Al0.40Ga0.60N (50 nm)

n-Al0.60Ga0.40N (2 μm)

reference sample

p-Al0.60Ga0.40N   L2

p-AlyGa1-yN  7 nm

p-Al0.60Ga0.40N 10 nm

10 nm

C+

p–GaN (50 nm)

Fig. 4.15 Schematic device architectures for the reference device with the 10 nm thick p-
Al0.60Ga0.40N as the EBL and the proposed devices with the 10 nm thick p-Al0.60Ga0.40N(L1)/p-
AlyGa1−yN/p-Al0.60Ga0.40N (L2) EBLs. Reproduced from Ref. [25], with the permission of SPIE
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Fig. 4.16 Numerically calculated a EQE and b optical power density for the investigated DUV
LEDs. Reproduced from Ref. [25], with the permission of SPIE

To probe the impact of the AlN composition in the p-AlyGa1−yN layer and the
thickness for the p-Al0.60Ga0.40N layers on DUV LEDs, we present the EQE and the
optical power density in Fig. 4.16a and b, respectively. Clearly we see that the EQE
and the optical power density increase as the AlN composition in the p-AlyGa1−yN
insertion layer increases to 50%. When the AlN composition in the p-AlyGa1−yN
insertion layer is beyond 50%, then the EQE and the optical power density decreases.

The different optical performances in Fig. 4.16a andb arise from the hole injection,
which can be explained by using the energy band diagrams in Fig. 4.17a, b and c.
We selectively show the devices with the AlN compositions of 0.45, 0.50 and 0.55
for the p-AlyGa1−yN insertion layers, and the layer L1 thickness is kept to be 1 nm.
According to the energy bands, we can get that the hole injection is co-determined
byFb, φB and φb, which denote the effective valence band barrier heights at different
positions for the p-EBL, respectively. ΔF reflects the tilted level of the energy band
for the last quantum well. The holes are injected into the p-AlyGa1−yN insertion
layer, which process is realized by thermally assisted intraband tunneling, such that
the holes tunnel through layer L1 and reach the p-AlyGa1−yN insertion layer by
climbing over the barrier height of φB. Hence the value of φB strongly affects the
hole injection. However φB is decided by the AlN composition in the p-AlyGa1−yN
insertion layer. On the other hand, the hole transport is also subject to the barrier
height of φb, the value for which influences the thermionic emission. The value for
φb can be increased by making layer L1 thick. Once the holes are stored in the p-
AlyGa1−yN insertion layer, their injection into the MQWs is strongly affected by Fb

andΔF. A smallFb and a less tilted valence band for the last quantum barrier (LQB)
are preferable for the improved hole injection.

Table 4.3 summarizes the values of Fb, φB, φb and ΔF for the investigated p-
EBLs. When the AlN composition in the p-AlyGa1−yN insertion layer increases,
the φB simultaneously becomes large, which hinders the hole injection from the p-
type hole injector into the p-EBL [see Fig. 4.17d]. Nevertheless, the increase of the
AlN composition for the p-AlyGa1−yN insertion layer can reduce the valence band
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Fig. 4.17 Valence band diagrams for the p-EBLs with a Al0.45Ga0.55N, b Al0.50Ga0.50N, and
c Al0.55Ga0.45N insertion layers, and d hole concentration profiles in the p-EBLs. Fb, φB and φb
denote the effective valence band barrier heights at different positions for the p-EBL. ΔF reflects
the tilted level of the energy band for the LQB. Data are calculated at the injection current level of
50 A/cm2. Reproduced from Ref. [25], with the permission of SPIE

Table 4.3 Calculated values for φb, φB,Fb, andΔFwhen the injection current density is 50A/cm2

AlN Composition for AlyGa1−yN φb (meV) φB (meV) Φb (meV) ΔΦ (meV)

y � 0.45 325.7 151.8 281.2 152.1

y � 0.50 278.1 155.0 278.7 149.9

y � 0.55 245.6 183.3 329.2 87.2

Reproduced from Ref. [25], with the permission of SPIE

offset between the p-AlyGa1−yN insertion layer and layer L2, which correspondingly
decreases Fb. Hence, the comprised design for the best hole injection shall be the
one with p-Al0.50Ga0.50N insertion layer. Further investigations into Fig. 4.17a–d and
Table 4.3 also imply that the thermionic emission for holes is not significant when
the holes are transporting through layer L1 if layer L1 is 1 nm thick.

Figure 4.16a and b also indicate that the EQE and the optical power density
increase with the decreasing thickness for layer L1. This conclusion is consistent
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Table 4.4 Values of φb, Fb
and ΔF for the p-EBL with
the Al0.50Ga0.50N insertion
layer near the p-region (L1 �
1 nm), at middle (L1 �
1.5 nm), and near the MQWs
(L1 � 2 nm) at the injection
current density of 50 A/cm2

Position for
A10.50Ga0.50N
insertion layer (nm)

φb (meV) Φb (meV) ΔΦ (meV)

L1 � I 278.1 278.7 149.9

L1 � 1.5 296.1 272.3 159.6

L1 � 2 314.0 266.6 165.4

Reproduced from Ref. [25], with the permission of SPIE

with our prediction in Fig. 4.12b. Here, to clarify the origin for the observations in
Fig. 4.16a and b, we selectively investigate the barrier heights for the DUV LEDs
with p-Al0.60Ga0.40N(L1)/p-Al0.50Ga0.50N/p-Al0.60Ga0.40N (L2) EBLs, for which the
values of L1 are set to 1 nm, 1.5 nm and 2 nm, respectively. The definition of the
symbols for the barrier height is identical to the one in Fig. 4.17a–c. We only sum-
marized the values in Table 4.4, which shows that, when the layer L1 becomes thin,
the value of φb gets small. A small φb means that the thermionic emission rate is
increased when the holes are injected through layer L1. Meanwhile, a thin layer L1

also facilitates the intraband tunneling for holes, which helps to increase the hole
concentration in the p-Al0.50Ga0.50N insertion layer. The high hole concentration in
the p-Al0.50Ga0.50N insertion layer helps to reduce the valence band barrier in layer
L2 for the holes, and thus the value of Fb decreases with the reducing thickness for
layer L1 according to Table 4.4.

Therefore, we have demonstrated to manipulate the hole injection by using the
p-AlGaN/AlGaN/p-AlGaN EBL, which can maintain both the high-efficiency intra-
band tunneling and the excellent thermionic emission for holes. Nevertheless, we also
make the parametric investigation regarding different p-AlGaN/AlGaN/p-AlGaN
EBLs. We find that the AlN composition and the thickness for the AlGaN insertion
layer have to be optimized. Otherwise, the electron leakage can be severe. In addition,
the AlGaN insertion layer has to be close to the p-type hole injection layer. By doing
so, the p-AlGaN layer that is close to the p-type hole injection layer can be thin,
which then can favor both the intraband tunneling and the thermionic emission for
the holes. Once the AlGaN insertion layer is thin, it can readily possess a very high
hole concentration. The high hole concentration in the AlGaN thin layer enables the
reduced hole blocking effect that is caused by the p-AlGaN layer (the p-AlGaN layer
here is the one close to the LQB). Then, the hole injection into the MQW region can
be enhanced simultaneously.

4.4 Increase the Hole Concentration in the MQWs for DUV
LEDs

The hole injection is strongly hindered by the quantumbarriers and the holes are often
accumulated in the last quantum well that is closest to the p-EBL for InGaN/GaN
based visible LEDs [26]. However, the hole transport within the MQWs for DUV
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LEDs shows different concentration profiles according to the reports by different
groups [13, 14, 18, 23, 27–31], such that the highest hole concentration is not always
found in the last quantum well closest to the p-EBL [14, 28, 30, 31], while the
hole accumulation takes place in the last quantum well in other reports [13, 18, 23,
27]. These observations are attributed to the reduced valence band offset for the
AlxGa1−xN/AlyGa1−yN based quantum wells if different x and y values are used
[28]. In addition, different numerical models have assumed various energy band
offset ratio between the conduction band offset and the valence band offset, which
also remarkably affect the hole transport within the active region. Some typical
energy band offset ratios include 70/30 [27, 29, 30, 32], 65/35 [14, 28] and 50/50
[13, 18, 23]. Interestingly, our studies also show that, when compared to InGaN/GaN
based visible LEDs, the hole distribution across the active region is more uniform
despite the 50/50 band offset ratio [13, 18, 23]. Therefore, we suggest that efforts
shall be made to increase the hole concentration level in each quantum well rather
than homogenizing the hole profiles across the active region for DUV LEDs [20].
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Chapter 5
Enhance the Electron Injection
Efficiency for DUV LEDs

Abstract The unbalanced carrier injection for DUV LEDs illustrates that the elec-
tron tends to overflow from the active region. The underly mechanism arises from
three aspects: (1) electrons cannot be consumed by forming electron-hole pairs and
recombine radiatively in the active region, which is due to the insufficient hole injec-
tion, (2) the electron have larger mobility and are more mobile, (3) The conduction
band offset between the AlGaN based quantum barrier and quantum well decreases,
which correspondingly reduces the conduction band barrier height, enabling the
active region to lose the effective confinement capability for electrons. In this chapter,
we propose different methods for increasing the electron injection efficiency, and
specifically, we demonstrate novel designs to reduce the electron drift velocity and
hence the energy, so that the quantum wells have more chances of capturing the
electrons.

Besides engineering the hole injection, the electron injection shall also be manip-
ulated, for which extensive research efforts have been made for InGaN/GaN based
visible LEDs [1, 2]. However, AlGaN based DUV LEDs are also influenced by the
unbalanced carrier injection, such that the electron injection has to be enhanced [3].
A direct method to suppress the electron leakage for DUV LEDs is to engineer the
p-EBL, e.g., superlattice p-EBL [4–7], p-EBL with AlGaN insertion layer [8–10],
p-EBL with the graded AlN composition [11, 12], superlattice last quantum barrier
[13]. Moreover, the electron concentration in theMQWs can be enhanced by propos-
ing novel active region structure, e.g., Si doped quantum barriers [14], grading the
AlN composition for the AlGaN based quantum barriers [15], increasing the AlN
composition for AlGaN based quantum barrier [16].

Most recently, our group has reported to manipulate the electron drift velocity
and the electron energy for DUV LEDs, and the electron injection efficiency can be
enhanced [17, 18]. The electron energy can be tuned by modulating the Si doping
concentration for the n-AlGaN layer, and by doing so, the n-AlGaN/first quantum
barrier interface can generate the build-in electric field, which can reduce the electron
drift velocity and the electron energy [18]. Once the electrons are “cooled down”,
the MQWs can have more chances to capture the electrons. Besides using the modu-
lated Si doping concentration in the n-AlGaN layer, the electrons can also be “cooled
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Fig. 5.1 a Schematic structure for the [0001] oriented DUV LEDs, b schematic energy band
diagram when the electron concentration and the alloy in the n-AlGaN layer are modulated (i.e., the
electron concentration for the L2 region is lower than that for the L1 region; the AlN composition
for the L3 region is lower than that for the L2 region). The positive direction of the electric field
is along the [0001] orientation. The L1/L2 interface possesses the electric field along the [0001]
orientation as shown in Fig. (b1). The sketched electric field profiles at the L2/L3 interface are
presented in Fig. (b2) and (b3), i.e., the electric fields on the L2 side and on the L3 side are along
and opposed to the [0001] orientation, respectively. Ec, Ev, Efe and Efh represent the conduction
band, the valence band, quasi-Fermi levels for electrons and holes, respectively. Reproduced from
Ref. [17], with the permission of Optical Society of America

down” by using the polarization induced electric field [17]. The underlying device
physics is depicted in Fig. 5.1. The schematic device architecture for the studied
[0001] oriented DUV LEDs is shown in Fig. 5.1a. On one hand, the different dop-
ing concentration levels within the n-AlGaN layer can cause an interface depletion
region, and the electric field in the depletion region is along the [0001] orientation
[see Fig. 5.1b1, in which the electron concentration for the L2 region is lower than
that for the L1 region], which can reduce the kinetic energy for electrons, and on
the other hand, the AlxG1−xN/AlyGa1−yN (x > y) interface possesses the negative
polarization induced interface charges that can simultaneously produce the polariza-
tion induced electric field. More importantly, the polarization induced electric field
on the AlxG1−xN side is along the [0001] orientation [e.g., the L2/L3 interface in
Fig. 5.1b2] that helps to reduce the kinetic energy for the incoming free electrons. It
shall be noted that the electric field on the AlyG1−yN side is opposite to the [0001]
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orientation [e.g., the L2/L3 interface in Fig. 5.1b3], and the electronswill obtainmore
energy when traveling through it. Fortunately, the electric field intensity in Fig. 5.1b3
is smaller than that in Fig. 5.1b2 since the high AlN composition in the AlxG1−xN
layer causes a smaller dielectric constant, and this enables the even stronger elec-
tric field intensity therein [19, 20]. The structural information for different n-AlGaN
electron injectors is illustrated in Table 5.1, which includes seven device structures
with various AlN compositions and Si doping concentrations in the n-AlGaN layers.

Figure 5.2a and b show the numerically calculated and the experimentally mea-
sured EQE, optical power density and the current density-voltage characteristics,
respectively for Device 1. The experimental EQE and optical power density show
excellent agreement with the calculated ones. Meanwhile, the measured current den-
sity in terms of the applied voltage is also reproduced numerically as illustrated in
Fig. 5.2b. Figure 5.2a and b indicate the reasonable physical models and parameters
are set in our calculations.

To support our speculations in Fig. 5.1a and b, we selectively show the energy
band diagrams for Devices 1, 2, 3 and 7 in Fig. 5.3a–e, respectively. Figure 5.3a
and b present the energy band for Device 1 with zoom-in scale in Fig. 5.3b. The
electron injection layer is purely n-Al0.58Ga0.42N layer with the constant Si doping
concentration of 3× 1018 cm−3. The energy band is flat and the electric field in the n-
Al0.58Ga0.42N layer is small according to Fig. 5.3a. Moreover, we utilize the undoped
Al0.55Ga0.45N as the quantum barrier material. Therefore, the negative polarization
induced sheet charges can be generated for the n-Al0.58Ga0.42N layer/Al0.55Ga0.45N
layer interface, which can bend the energy band upwards and produce very strong
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Fig. 5.3 a Energy band and electric field profiles in the n-AlGaN layers for (a) Device 1, bDevice
1 with zoom-in range, c Device 2, d Device 3 and e Device 7. All figures are calculated at the
current density of 160 A/cm2. Ec, Ev, Efe and Efh denote the conduction band, the valence band,
the quasi-Fermi levels for electrons and holes, respectively. Reproduced from Ref. [17], with the
permission of Optical Society of America

electric field intensity at the n-Al0.58Ga0.42N/Al0.55Ga0.45N interface, i.e., interface
depletion. The interface depletion regionwidth in the n-Al0.58Ga0.42N layer is narrow,
which can be observed by zooming in the scale as shown in Fig. 5.3b. Figure 5.3c
presents the energy band and the electric field profile for Device 2. As has been illus-
trated in Table 5.1, the n-AlGaN electron injection layer possesses the stair-cased
AlN composition such that the AlN composition decreases along the [0001] orien-
tation. The stair-cased decrease for the AlN composition of the n-AlGaN layer is
also indicated by Fig. 5.3c. The stair-cased AlN composition for the n-AlGaN elec-
tron injection layer enables the generation of the very strong polarization induced
electric field as shown in Fig. 5.3c. The electric field is along the [0001] orienta-
tion, which helps to decelerate the electrons and make them less “hot”. The calcu-
lated energy band diagram and the electric field profile for Device 3 are presented
in Fig. 5.3d. Device 3 differs from Deice 2 only in the Si doping concentration
for the n-Al0.56Ga0.44N layer, n-Al0.54Ga0.46N layer, n-Al0.52Ga0.48N layer and n-
Al0.50Ga0.50N layer, which is 3× 1017 cm−3 rather than 3× 1018 cm−3. According to
Fig. 5.3d, the electric field that is along the [0001] orientation occurs at theAlyGa1−yN
side of the AlxG1−xN/AlyGa1−yN (x > y) interface, e.g., the n-Al0.54Ga0.46N side
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of the n-Al0.56Ga0.44N/n-Al0.54Ga0.46N interface, the n-Al0.52Ga0.48N side of the n-
Al0.54Ga0.46N/n-Al0.52Ga0.48N interface. The electric field intensity is lower than the
counterpart, which is consistent with our predictions in Fig. 5.1b3, such that the
larger dielectric constant for the AlyGa1−yN side reduces the electric field intensity.
In addition, the conduction band barrier height is observed at the n-Al0.58Ga0.42N/n-
Al0.56Ga0.44N interface. However, this barrier height is absent in Fig. 5.3c.We believe
this is caused by the interface depletion due to the modulated Si doping concentra-
tion. Figure 5.3e contains the energy band and the electric field profile for Device 7.
The n-AlGaN electron injection layer for Device 7 has the identical AlN composi-
tion except that the Si doping concentration is modulated according to Table 5.1. The
interface depletion region can produce the electric field as shown in Fig. 5.3e. Details
of the generation mechanism for the electric field when the Si doping concentration
is modulated have been discussed in our previous report [18].

After calculating the electric field profiles, by using W � e
∫ l
0 Efield · dx (e, l and

Efield represent the electronic unit charge and the electric field profiles within the
integration range of l, respectively. dx is the integration step that has been properly
optimized when setting the mesh lines during numerical computations), we can cal-
culate the net work (ΔE) that is conducted on the electrons during the transportation
in the AlGaN layers for Device 1–7. For comparative study, the l ranges from 0.2
to 0.8 µm which has been shown in Fig. 5.3a–e. In our case, the electrons will lose
energy if the integral is a positive value. The energy that the electrons lose for dif-
ferent devices is summarized in Fig. 5.4a, and Fig. 5.4a also shows that the optical
power improves as the electrons are more decelerated. Further insight into Fig. 5.4b
tells that once the Si doping concentration in the n-AlGaN layer is too low, the for-
ward voltage can be increased, and this gives rise to a lower WPE. In our work, the
thickness for the n-AlGaN layer with the electron concentration of 3 × 1017 cm−3

is too thick (i.e., 0.1–0.5 µm). Nevertheless, we believe that the WPE can also be
improved once the modulated doped region becomes thin.

The direct impact of the electron energy is on the electron injection efficiency.
We then selectively show the electron concentration profiles in the n-AlGaN elec-
tron injection layers and the MQW regions for Devices 1 and 5 in Fig. 5.5a
and b, respectively. Figure 5.5a shows that the electron concentration significantly
decreases in the n-Al0.56Ga0.44N, the n-Al0.54Ga0.42N and the n-Al0.52Ga0.46N lay-
ers, i.e., the “dips” in the electron concentration profile for Device 5, is attributed
to the electron depletion effect by the polarization induced negative changes at
the AlxGa1−xN/AlyGa1−yN (x > y) interfaces (i.e., n-Al0.56Ga0.34N/n-Al0.54Ga0.36N
and n-Al0.54Ga0.36N/n-Al0.52Ga0.38N interfaces for Device 5). When we look into
Fig. 5.5b, we can see that, except in the first quantum well (the one closest to the
n-AlGaN electron injection layer), the electron concentration levels in other four
quantum wells for Device 5 have been promoted when compared to that for Device
1. The enhanced electron concentration in the active region for Device 5 is well
attributed to the fact that the electrons are less “hot” after being decelerated by
the proposed design. The lower Si doping concentration in the n-Al0.56Ga0.34N/n-
Al0.54Ga0.36N/n-Al0.52Ga0.38N layer for Device 5 suppresses the electron diffusion
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Table 5.1 Structure information of the thickness, the electron concentration and the alloy compo-
sition of the n-AlGaN layers for Devices 1–7. The AlN composition along the [0001] orientation
stepwisely decreases for Devices 2, 3, 4, 5 and 6. Reproduced from Ref. [17], with the permission
of Optical Society of America

Device number (Di) Structure information for the respective n-AlGaN layer
Device 1 n-Al0.58Ga0.42N (3.0 µm, n � 3 × 1018 cm−3)
Device 2 AlxGa1−xN/AlyGa1−yN

junctions (x > y)
n-Al0.58Ga0.42N (2.6 µm,
n � 3 × 1018 cm−3)
n-Al0.56Ga0.44N (0.1 µm,
n � 3 × 1018 cm−3)
n-Al0.54Ga0.46N (0.1 µm,
n � 3 × 1018 cm−3)
n-Al0.52Ga0.48N (0.1 µm,
n � 3 × 1018 cm−3)
n-Al0.50Ga0.50N (0.1 µm,
n � 3 × 1018 cm−3)

Device 3 AlxGa1−xN/AlyGa1−yN
junctions (x > y)

n-Al0.58Ga0.42N (2.6 µm,
n � 3 × 1018 cm−3)
n-Al0.56Ga0.44N (0.1 µm,
n � 3 × 1017 cm−3)
n-Al0.54Ga0.46N (0.1 µm,
n � 3 × 1017 cm−3)
n-Al0.52Ga0.48N (0.1 µm,
n � 3 × 1017 cm−3)
n-Al0.50Ga0.50N (0.1 µm,
n � 3 × 1017 cm−3)

Device 4 AlxGa1−xN/AlyGa1−yN
junctions (x > y)

n-Al0.58Ga0.42N (2.7 µm,
n � 3 × 1018 cm−3)
n-Al0.56Ga0.44N (0.1 µm,
n � 3 × 1017 cm−3)
n-Al0.54Ga0.46N (0.1 µm,
n � 3 × 1017 cm−3)
n-Al0.52Ga0.48N (0.1 µm,
n � 3 × 1017 cm−3)

Device 5 AlxGa1−xN/AlyGa1−yN
junctions (x > y)

n-Al0.58Ga0.42N (2.8 µm,
n � 3 × 1018 cm−3)
n-Al0.56Ga0.44N (0.1 µm,
n � 3 × 1017 cm−3)
n-Al0.54Ga0.46N (0.1 µm,
n � 3 × 1017 cm−3)

Device 6 AlxGa1−xN/AlyGa1−yN
junction (x > y)

n-Al0.58Ga0.42N (2.9 µm,
n � 3 × 1018 cm−3)
n-Al0.56Ga0.44N (0.1 µm,
n � 3 × 1017 cm−3)

Device 7 n-Al0.58Ga0.42N (2.5 µm, n = 3 × 1018 cm−3)
n-Al0.58Ga0.42N (0.5 µm, n � 3 × 1017 cm−3)
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Fig. 5.4 a Optical power density and the energy loss of electrons for Devices 1–7, b wall-plug
efficiency and forward voltage for Devices 1–7. Reproduced from Ref. [17], with the permission
of Optical Society of America

Fig. 5.5 a Electron concentration profiles in the n-AlGaN layers, b electron concentration profiles
in the MQWs, and c radiative recombination rates in the MQWs for Devices 1 and 5, respectively.
Figures are calculated at the current density of 160 A/cm2. Reproduced from Ref. [17], with the
permission of Optical Society of America

into the first quantum well, and as a result, Device 5 has a lower electron concentra-
tion level in the first quantum well than Device 1. Because of the enhanced electron
concentration in the last four quantumwells, the radiative recombination is improved
for Device 5 according to Fig. 5.5c. The first quantum well also yields the stronger
radiative recombination rate in spite of the low electron concentration [see Fig. 5.5b]
for Device 5, which is because of the suppressed polarization induced electric field
intensity as demonstrated in Fig. 5.6. The suppressed polarization induced electric
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Fig. 5.6 Electric field
profiles in the MQWs for
selectively chosen Devices 1
and 5, respectively at the
current density of 160 A/cm2
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field in the first quantumwell arises from the smaller polarization mismatch between
the n-Al0.52Ga0.38N layer and the Al0.55Ga0.45N quantum barrier. The polarization
induced electric field in the other quantum well seems not to be affected by the
n-Al0.52Ga0.38N underneath layer. Hence the promoted radiative recombination in
Fig. 5.5c is uniquely ascribed to the increased electron concentration level.

To summarize, we have proven that the electron injection can be enhanced by
“cooling down” the free electrons, i.e., the electron energy decreases. We propose
to reduce the electron drift velocity and the electron energy by using stair-cased
AlN composition for the n-AlGaN electron injection layer and/or modulating the Si
doping concentration in the n-AlGaN layer (i.e., EFR). By using the stair-cased AlN
composition for the n-AlGaN layer, we are able to obtain the polarization induced
electric field at each n-AlxGa1−xN/n-AlyGa1−yN interface. The polarization induced
electric field is opposite to the external-bias-generated electric field, hence “slow-
ing down” the electrons. The reduced electron energy by using the modulated Si
doping concentration in the n-AlGaN layer utilizes the build-in electric field at the
n-AlxGa1−xN/n-AlyGa1−yN interface, for which the Si doping concentration for the
n-AlyGa1−yN layer is lower than that for the n-AlxGa1−xN layer. The build-in electric
field also opposes to the external-bias-generated electric field, which therefore also
reduces the electron drift velocity. Our study shows that the electron concentration
and the EQE for the proposed structures are improved. Nevertheless, if the Si doping
concentration is not properly set, the proposed structure may increase the forward
voltage, which correspondingly sacrifices the wall-plug-efficiency. Therefore, the
thickness for the n-AlyGa1−yN layer with the modulated Si doping concentration
shall be fully optimized. Our report on the EFR provides the alternative design free-
dom for improving the electron injection efficiency of AlGaN based DUV LEDs. In
addition, our report is the make-up work for the existing device physics for AlGaN
based DUV LEDs.
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Chapter 6
Screen the Polarization Induced Electric
Field Within the MQWs for DUV LEDs

Abstract This chapter discusses and presents different designs to screen the polar-
ization level in the quantum wells for [0001]-oriented DUV LEDs. By doing so, the
quantum confined Stark effect (QCSE) can be decreased. We suggest a simple way
to reduce the QCSE by adopting Si-doped quantum barriers. Meanwhile, we also
find that DUV LEDs are very sensitive to the polarization polarity, such that if non-
polar, semipolar and nitrogen-polar DUV LED structures are grown, we shall avoid
using the p-AlGaN/p-GaN hole injection layer. The p-AlGaN/p-GaN hole injection
layer can have remarkably hole depletion effect at the interface for those growth
orientations except the [0001] orientation.

After the carriers are injected into the MQW region, the radiative recombination
between electrons and holes produces DUV photons. At the current stage, DUV
LEDs grown along [0001] orientation still take the dominant place both in research
and industry. [0001] orientedAlGaN/AlGaNMQWspossess very strong polarization
induced electric field, which spatially separates electron and hole wave functions,
known as quantum confined Stark effect (QCSE) [1]. A most convenient method
to suppress the polarization induced electric field is doping the quantum barriers
by Si dopants [2]. In Fig. 6.1, we calculate and then show the optical power and
the wave function overlap in terms of the Si doping concentration in the quantum
barriers for the DUV LEDs. We can get that the overlap for the wave functions
of electrons and holes increases as more Si dopants are contained in the quantum
barriers. The increased overlap for the carrier wave functions originates from the
free electrons that are released by the Si dopants. The free carriers can compensate
the polarization induced charges at the interface for the quantum barrier/quantum
well pairs. Nevertheless, the optical power does not monotonically increase with the
increasing overlap for carriers according to Fig. 6.1, which is believed to be caused
by the hole blocking effect when the Si doping concentration for the quantum barriers
becomes high. Detailed discussions will be conducted subsequently. The inset for
Fig. 6.1 shows the numerically calculated and the experimentally measured forward
voltage in terms of the Si doping concentration in the quantum barriers. The forward
voltage is probedwhen the current density is 30A/cm2.We can get that the increase of
the Si doping concentration in the quantum barriers reduces the forward voltage both
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Fig. 6.1 Numerically calculated optical power and wave functions overlap for the investigated
DUV LEDs in terms of the Si doping concentration in the quantum barriers. Inset show the numer-
ically calculated and the experimentally measured forward voltage as a function of the Si doping
concentration in the quantum barriers. The data are calculated and measured at the current density
of 30 A/cm2. Reproduced from Ref. [2], with the permission of Wiley Publishing

experimentally and numerically. Although the similar trending for the relationship
between the forward voltage and the Si doping concentration in the quantum barriers
is obtained, the experimentallymeasured forward voltage is larger than the numerical
ones, and this is likely to be caused by the unoptimized process for ohmic contacts.
However, the observations here do not affect our conclusions for the comparative
study.

To further study the impact of the Si doped quantum barriers on the polarization
effect and the hole injection, we selectively grow four DUV LEDs by using metal
organic chemical vapor deposition (MOCVD) technique, which are Devices R, I, II
and III. Device R has undoped quantum barriers, while the Si doping concentrations
are ~8 × 1017, ~5 × 1018 and ~1 × 1019 cm−3 for Devices I, II and III respectively.
We next present the electric field profiles, hole concentration profiles and electron
concentration profiles in Fig. 6.2a, b and c, respectively. Figure 6.2a shows that the
electric field intensity in the quantum wells is reduced when the quantum barriers
are doped with Si. Meanwhile, with the increasing Si doping level, the electric field
intensity further decreases, meaning that the polarization induced electric field in the
quantum wells can be screened by doping the quantum barrier with Si dopants for
AlGaN based DUV LEDs. We then investigate the influence of different Si doping
concentrations in the quantum barriers on the hole injection efficiency across the
MQW region [see Fig. 6.2b]. From Fig. 6.2b we can get that the hole concentration
in the quantum wells apart from the p-EBL is the highest for Device R among the
investigated devices. The holes are more accumulated in the quantum wells close to
the p-EBLwhen the quantum barriers are dopedwith Si dopants.We can also see that
the strongest hole accumulation occurs at the last quantumwell for Devices II and III.
Here, the last quantum well is defined as the quantum well closest to the p-EBL. The
hole blocking effect by the Si-doped quantum barriers will be explained subsequently
by using Fig. 6.3. Figure 6.2c shows the electron concentration levels for Devices
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Fig. 6.2 a Electric field profiles, b hole concentration profiles and c electron concentration profiles
across the MQWs for Devices R, I, II and III, respectively. Figures are calculated at the current
density of 30 A/cm2. Reproduced from Ref. [2], with the permission of Wiley Publishing

R, I, II and III, respectively. We can conclude that, by doping the quantum barriers
with Si dopants, the electron concentration in the quantum wells can be significantly
enhanced. The Si dopants in the quantum barriers replenish the electrons that escape
from the MQW region.

As has beenmentioned previously [see Fig. 6.2b], the hole injection is remarkably
hindered when the quantum barriers are doped with Si dopant. Then, we show the
energy band diagrams for Devices R, I, II and III in Fig. 6.3a, b, c and d, respectively.
If we compare the valence band of the quantum barriers between Devices R and III,
we can see that the valence band of the quantum barriers for Device III is bent in
the way of being concave. The observed “curvature” in the valence band for Device
III is attributed to the ionized Si dopants, which gives rise to the “depletion effect”
and hence increasing the valence band barrier height. Such “depletion effect” will
become more obvious when the Si doping level increases. Table 6.1 summarizes the
effective valence band barrier height (��) of the quantum barriers for Devices R,
I, II and III. We can clearly see that the values for the valence band barrier height
increases with the increasing Si doping concentration level in the quantum barriers.
Figure 6.3a–d and Table 6.1 well interprets the results in Figs. 6.1 and 6.2b.
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Fig. 6.3 Calculated energy band digrams for a Device R, b Device I, c Device I, and d Device
III. QB1, QB2, QB3 and QB3 represent quantum barrier 1, quantum barrier 2, quantum barrier 3
and quantum barrier 4, respectively. �� means the effective valence band barrier height for holes.
Figures are calculated at the current density of 30 A/cm2. Reproduced from Ref. [2], with the
permission of Wiley Publishing

Table 6.1 Values of �� in the quantum barriers for Devices R, I, II and III. Values are calculated
at the current density of 30 A/cm2

Device R (��) (meV) Device I (��) Device II (��) Device III
(��)

QB 1 385 437 537 583

QB 2 376 424 495 528

QB 3 376 409 452 472

QB 4 378 394 408 417

Reproduced from Ref. [2], with the permission of Wiley Publishing
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Fig. 6.4 Numerically
calculated radiative
recombination rate in the
MQWs for Devices R, I, II
and III. Data are calculated
at the current density of 30
A/cm2. Reproduced from
Ref. [2], with the permission
of Wiley Publishing

The Si doping concentration affects the polarization induced electric field, the
electron concentration and the hole concentration in the MQW region. As the inter-
play for the polarization effect, the electron concentration and the hole concentration,
it is worth studying the radiative recombination rate for the four devices [see Fig. 6.4].
The radiative recombination rate profiles are consistent with the hole concentration
distributions in Fig. 6.2b. The homogeneous hole distribution in theMQW region for
Device R takes account for the uniform radiative recombination rate. The radiative
recombination rate is strongly accumulated in the last quantum well for Devices II
and III.

The overall radiative recombination rate is reflected by the EL intensity and the
optical power. Figure 6.5a presents the experimentally measured EL spectra for
Devices R, I, II and III when the current density is 30 A/cm2. We can see that the
EL intensity increases if we look into Devices R, I and II. However, the EL intensity
decreases for Device III which has the Si doping concentration of 1 × 1019 cm−3

in the quantum barriers. The evolutional details for the measured EL intensity is
consistent with our calculated results in Fig. 6.1 such that the EL intensity does not
monotonically increases with the Si doping concentration in the quantum barriers.
Further analysis into Fig. 6.5a shows the blue shift for the peak emission wavelength
for Devices I, II and III when compared to Device R. The blue shift for the peak
emission wavelength is well attributed to the polarization screening effect by the
Si dopant. However, further blue shift of the wavelength with the increasing Si
doping concentration in the quantum barriers is not obviously observed for Devices
I, II, and III, and this might be caused by the slightly different AlN compositions
in the Al-rich AlGaN quantum wells from run to run during the epitaxial growth
process. Figure 6.5b shows the numerically calculated EL spectra for Devices R, I,
II and III when the current density is 30 A/cm2. The relationship between calculated
EL intensity and the Si doping concentration in the quantum barriers agrees very
well with the one in Fig. 6.5a. Meanwhile, we also see the blue shift for the peak
emission wavelength when the quantum barriers are doped with Si dopants. The
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Fig. 6.5 a Experimentally measured EL spectra, b numerically calculated EL spectra, c experi-
mentally measured optical power in terms of the injection current density level for Devices R, I, II
and III, respectively. Fig. a and b are measured and calculated at the current density of 30 A/cm2,
respectively. Reproduced from Ref. [2], with the permission of Wiley Publishing

excellent agreement between Fig. 6.5a and Fig 6.5b provides the solid evidence
that the physical models and parameters are properly set in our calculation. After
measuring the EL spectra for the tested DUV LEDs, we are able to get the optical
output power as a function of the injection current density for Devices R, I, II and III
in Fig. 6.5c. The results shown in Fig. 6.5c are also consistent with our calculations
in Fig. 6.1.

In a summary, our work regarding the Si-doped quantum barriers shows that, by
using the Si-doped quantum barriers, the polarization induced electric field in the
MQWs for the [0001] oriented DUVLEDs can be screened. Moreover, the screening
capability can be evenmore enhanced if more Si dopants can be incorporated into the
quantum barriers and are ionized to provide free electrons. The Si-doped quantum
barriers also improve the electron concentration in the active region and reduce the
forward voltage. Nevertheless, we also find that we shall be very careful with the
hole injection if the Si-doped quantum barriers are adopted to DUV LEDs. If the
Si dosage level is too high, the hole injection can be significantly blocked, which
leads to a degraded EQE. It means that the EQE and the optical power are not always
monotonically increasing with the Si doping concentration in the quantum barriers.
Besides optimizing the Si doping level in the quantum barriers, we also suggest
optimizing the number for the quantum barriers with Si dopants incorporated, such
that two sets of quantum well/quantum barrier architectures can be designed in the
active region. One set of the quantum well/quantum barrier structure is to promote
hole injection while the other set of quantum well/quantum barrier structures is to
screen the polarization effect for high electron-hole radiative recombination rate.

Besides the common methods are proposed to screen the polarization induced
electric field in the MQW region, other alternatives are also demonstrated. Li et al.
demonstrate that the polarization induced electric field in the quantum well becomes
weakwhenn-AlGaNunderlying layer is grownbefore theMQWsstack [3]. They also
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suggest that the AlN composition for the n-AlGaN underlying layer is lower than that
for the n-AlGaN template. Most recently, semipolar AlGaN based DUV LEDs have
been reported, and the epitaxial growth is initiated on the r-plane sapphire substrate
[4]. Although the results for Ref. [4] do not mention whether the QCSE has been
decreased, the stable wavelength and narrow emission line width with the increasing
injection current level indicate the suppressed QCSE. Therefore, the semipolar or the
nonpolar AlGaN/AlGaN quantum well structures provide another design freedom to
high-efficiency DUV LEDs. Methods for suppressing the QCSE have been reported
for InGaN/GaN visible LEDs [5, 6], and we believe most of the approaches are also
doable for DUV LEDs. However, when designing nonpolar and semipolar AlGaN
based active region, one shall avoid using the p-AlGaN/p-GaN hole injection layer.
Note, according to the findings by our group, we require the p-AlGaN/p-GaN hole
injection layer to be along the [0001] orientation with very strong polarization effect
to suppress the hole depletion at the p-AlGaN/p-GaN junction [7]. Otherwise, the
hole depletion effect at the p-AlGaN/p-GaN interface can reduce the hole injection.
Therefore, we suggest not using the p-AlGaN/p-GaN structure for nonpolar and
semipolar DUV LEDs. Detailed discussions will be conducted subsequently.

In our work, the semipolar, metal-polar, nitrogen-polar and nonpolar features are
represented by setting the polarization level, which reflects the crystalline relaxation
degree and the polarization charge density in thiswork, e.g., if the polarization level of
0.4 is assumed, then0.6 of the theoretical polarization charges are releasedbygenerat-
ing dislocations. Note, the polarization level of 1 indicates the fully strained epitaxial
layer without relaxation. Here, the polarization charges are induced by the coupled
effect of the spontaneous and the piezoelectric polarizations. The polarization level
of zero means nonpolar devices. Note, some semipolar oriented III-nitride films are
also free from the polarization effect, for which case the polarization level is also set
to zero. The positive polarization level (e.g., 0.4) and the negative polarization level
(e.g., −0.4) represents the metal-polar/semipolar and the nitrogen-polar/semipolar
devices, respectively.

The investigated DUV LEDs possess the 4μm thick Si doped Al0.60Ga0.40N layer
in which the electron concentration is 5 × 1018 cm−3. Then, the architectural stack
comprising five pairs of Al0.45Ga0.55N (3 nm)/Al0.57Ga0.43N (10 nm) MQWs serves
as the active region, which enables the peak emission wavelength of ~280 nm. The
following layer is the 10 nm thick Mg doped Al0.60Ga0.40N p-EBL. Next, the p-type
hole injection layer is a heterojunction consisting of 50 nm thick Al0.40Ga0.60N layer
and 50 nm thick GaN layer. The hole concentration for the Mg doped layers is set
to 3 × 1017 cm−3. The mesa size is set to 350 × 350 μm. To better investigate the
impact of polarization effect of the p-EBL/p-Al0.40Ga0.60N/p-GaN structure on the
performance for DUV LEDs, we also selectively choose the devices with various
polarization levels at different layers for detailed discussions on the hole concentra-
tion, the energy band alignment and the electric field profiles [see Table 6.2].

Figure 6.6a shows that the light output power (LOP) is associated with the polar-
ization level. With the polarization level varying from −1 to 1, the LOP increases.
Interestingly, the LOP for [000-1] oriented DUV LEDs is lower than that for [0001]
orientedDUVLEDs.Moreover, for [0001] orientedDUVLEDs, theLOP is enhanced
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Table 6.2 Structure information for the studied devices

Devices Layer position with varied polarization Polarization level

i � l i � 2 i � 3 i � 4 i � 5

Ai Whole structure −0.8 −0.4 0 0.4 0.8

Bi p-Al0.40Ga0.60N/p-GaN interface −0.2 0 0.2 0.6 ×
Ci p-EBL/p-Al0.40Ga0.60N interface −0.2 0 0.2 0.6 ×
Di p-EBL/p-Al0.40Ga0.60N and

p-Al0.40Ga0.60N/p-GaN interfaces
−0.2 0 0.2 0.6 ×

‘i’ represents the device number. Data are calculated at the current of 35 mA. Reproduced from
Ref. [7], with the permission of Springer Publishing
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Fig. 6.6 a Light output power in terms of the polarization level varying from −1 to 1, b hole
concentration profiles for Devices A1, A2, A3, A4 and A5 with different polarization levels. Data
are calculated at the current of 35 mA. Reproduced from Ref. [7], with the permission of Springer
Publishing

with the increasing polarization level. The conclusions drawn here are quite contrary
to the common belief such that the stronger polarization effect reduces the electron-
hole radiative recombination rate within the MQWs. However, it is also known that
the electron-hole radiative recombination rate is also co-affected by the hole injec-
tion. Figure 6.6b illustrates the hole concentration profiles for Devices A1, A2, A3,
A4 and A5 with different polarization levels of −0.8, −0.4, 0, 0.4 and 0.8 at the
current of 35 mA, respectively. As the polarization level increases from −0.8 to 0.8,
the hole concentration in the MQWs increases. The very low hole concentration in
the [000-1] oriented MQWs well interprets the poor LOP in Fig. 6.6a. Figure 6.6b
also presents the hole concentration profiles in the p-Al0.40Ga0.60N/p-GaN region,
and we can see that the hole concentration in the p-Al0.40Ga0.60N layer becomes
lower once the DUV LED is [000-1] oriented. The hole concentration in the p-
Al0.40Ga0.60N layer can be enhanced when the DUV LED is grown along the [0001]
orientation. Hence, we believe the polarization level of the p-EBL/p-Al0.40Ga0.60N
and p-Al0.40Ga0.60N/p-GaN interfaces remarkably influence the hole injection, which
is to be conducted subsequently.
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Fig. 6.7 a Light output power in terms of the polarization level varying from −0.2 to 1 for p-
Al0.40Ga0.60N/p-GaN interface,b electric field profiles, and c hole concentration profiles forDevices
B1, B2, B3 and B4, respectively. Data are calculated at the current of 35 mA. Reproduced from
Ref. [7], with the permission of Springer Publishing

Firstly, we vary the polarization level of the p-Al0.40Ga0.60N/p-GaN interface and
keep the polarization of 0.4 for other layers, since bydoing so, the variation of theLOP
can be uniquely attributed to the different hole injections. Figure 6.7a shows the LOP
variation with different polarization levels of the p-Al0.40Ga0.60N/p-GaN interface at
the current of 35 mA, which shows that the LOP is dramatically improved once
the polarity for the p-Al0.40Ga0.60N/p-GaN interface turns to the [0001] polarity.
Furthermore, the LOP is not strongly affected if the polarization level of the p-
Al0.40Ga0.60N/p-GaN interface further increases from 0 to 1. To better illustrate the
origin for the observations in Fig. 6.7a, we selectively choose Devices B1, B2, B3,
and B4 with the polarization levels for the p-Al0.40Ga0.60N/p-GaN interface of −0.2,
0, 0.2 and 0.6 for further analysis, respectively. Figure 6.7b and c show the electric
field and hole concentration profiles for the four studied devices at the current of
35 mA, respectively. Figure 6.7b depicts that the electric field for Devices B1 and B2
is very strong throughout the entire p-Al0.40Ga0.60N layer andDeviceB1has strongest
electric field intensity. As the polarization level increases to 0.2 and 0.6, respectively,
the electric field intensity for Devices B3 and B4 decreases. According to the report
by us, the electric field can facilitate the hole injection by adjusting the drift velocity
and the kinetic energy for holes [8]. Thus, we further calculate the values for the work
done to holes by the electric field within p-Al0.40Ga0.60N/GaN structure for Devices
B1, B2, B3 and B4, which are summarized in Table 6.3. As is illustrated, holes in
Device B1 can obtain the most energy among the studied devices, and holes can
obtain the least energy fromDevice B4. Figure 6.7c shows that, with the polarization
level varying from −0.2 to 0.6, the hole concentration in the p-Al0.40Ga0.60N layer
increases, e.g., the holes in the p-Al0.40Ga0.60N layer for Device B1 is the lowest,
which translates the smallest hole concentration in theMQW region though the holes
receive the largest energy from the p-Al0.40Ga0.60N/p-GaN region [see Table 6.3].
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Table 6.3 Values of the work done to holes by the electric field within the p-Al0.40Ga0.60N/p-GaN
structure for Devices B1, B2, B3 and B4, ‘–’ represents that the holes obtain energy from the electric
field

Devices Device B1 Device B2 Device B3 Device B4

Work (meV) −5605 −3556 −965 −614

Data are calculated at the current of 35 mA. Reproduced from Ref. [7], with the permission of
Springer Publishing

The significant hole depletion in the p-Al0.40Ga0.60N layer for Device B2 also hinders
the hole injection into theMQW in spite of the very large energy that the holes obtain.
Device B3 andB4 have the higher hole concentration level in theMQWs according to
Fig. 6.7c thanks to the less hole depletion in the p-Al0.40Ga0.60N layer. Note, the hole
concentrations for Device B3 and B4 within the MQWs are quite similar because of
the compromise between the hole concentration in the p-Al0.40Ga0.60N layer and the
energy that the holes obtain from the p-Al0.40Ga0.60N layer.

Figure 6.8 demonstrates the energy band diagrams for Devices B1, B2, B3 and
B4 at the current of 35 mA. It is known that the potential barrier height (ϕ) at p-
Al0.40Ga0.60N/GaN interface can hinder the holes injection into p-Al0.40Ga0.60N layer
leading to hole depletion in the p-Al0.40Ga0.60N layer. Clearly, we can see that the
values of ϕ for Devices B1, B2, B3 and B4 are 399, 366, 342 and 248 meV, respec-
tively. Hence, the hole concentration in the p-Al0.40Ga0.60N layer for Device B1 is
significantly depleted. Although Device B1 provides holes with the largest energy,
the very low hole concentration in the p-Al0.40Ga0.60N layer accounts for the lowest
hole concentration in the MQWs and the poorest LOP for Device B1 [see Fig. 6.7a
and c]. The same physical principle also applies to Device B2. Device B3 shows
the slightly better performance than Device B4, since it is a compromise of both the
enhanced energy for holes and the decent hole concentration in the p-Al0.40Ga0.60N
layer [see Table 6.3 and Fig. 6.7c]. Thus, it is summarized that the improved per-
formance for DUV LEDs can be realized as long as the polarization level for the
p-Al0.40Ga0.60N/GaN interface is moderately adjusted. Note, when the polarization
level is lower than −0.2 in Fig. 6.7a, the DUV LEDs have more severer hole deple-
tion in p-Al0.40Ga0.60N layer, and thus result in the insufficient hole injection that
causes the numerical nonconvergence when conducting calculations.

Next, we discuss the impact of the polarization level variation at the p-EBL/p-
Al0.40Ga0.60N interface on the performance for DUV LEDs. The polarization level
of 0.4 is set for the other layers. Figure 6.9a presents the LOP in terms of different
polarization levels at the current of 35mA. Obviously, the LOP tendency is similar to
the obtained one in Fig. 6.6a. For insightful discussions, we choose Devices C1, C2,
C3 and C4, for which the polarization levels of the p-EBL/p-Al0.40Ga0.60N interface
are−0.2, 0, 0.2 and 0.6 respectively. The electric field and hole concentration profiles
for the four devices are demonstrated in Fig. 6.9b and c. According to Fig. 6.9b, the
electric field for Device C1 is significantly different from others due to the positive
polarization charges at the p-EBL/p-Al0.40Ga0.60N interface. Figure 6.9b also reveals
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Fig. 6.8 Energy band diagrams for a Device B1, b Device B2, c Device B3, d Device B4. The
polarization level for the p-Al0.40Ga0.60N/p-GaN interface is set to−0.2, 0, 0.2 and 0.6, respectively
at the current of 35 mA. ϕ represents the valence band barrier height for holes at p-Al0.40Ga0.60N/p-
GaN interface. Data are calculated at the current of 35 mA. Reproduced from Ref. [7], with the
permission of Springer Publishing

the electric field intensity for other devices increases with the increasing polarization
level, i.e. Device C2 < Device C3 < Device C4. The calculated values of the work
done to holes by the electric field within p-Al0.40Ga0.60N/GaN structures for Devices
C1, C2, C3 and C4 are summarized in Table 6.4. Holes can obtain less energy from
Device C1 once the p-EBL/p-Al0.40Ga0.60N interface is of the [000-1] polarity, and
the energy of holes for Devices C2, C3 and C4 increases as the polarization level
becomes large. Figure 6.9c demonstrates the hole concentration profiles for Devices
C1, C2, C3 and C4. The hole concentration in the MQWs for Devices C3 and C4
is higher than that for Device C2 with the hole concentration being the highest for
Device C4, and the hole concentration in the MQWs for Device C1 is the lowest.

Figure 6.10 presents the energy band diagrams for Devices C1, C2, C3 and C4 at
the current of 35 mA. The hole concentration in the MQWs is both affected by the
hole concentration in the p-Al0.40Ga0.60N layer and the valence band barrier height
for the p-EBL (�). As is illustrated, the hole concentration for Device C1 is severely
depleted in p-Al0.40Ga0.60N layer closing to p-EBL and the � reaches 792 meV due
to the positive polarization charges at p-EBL/p-Al0.40Ga0.60N interface. It accounts
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Fig. 6.9 a Light output power in terms of the polarization level varying from −1 to 1 for p-EBL/p-
Al0.40Ga0.60N interface, b electric field profiles, and c hole concentration profiles for Devices C1,
C2, C3 and C4, respectively. Data are calculated at the current of 35 mA. Data are calculated at the
current of 35 mA. Reproduced from Ref. [7], with the permission of Springer Publishing

Table 6.4 Values of the work done to holes by the electric field within the p-Al0.40Ga0.60N/p-GaN
structure for Devices C1, C2, C3 and C4, ‘–’ represents that the holes obtain energy from the electric
field

Devices Device C1 Device C2 Device C3 Device C4

Work (meV) −67 −382 −532 −636

Data are calculated at the current of 35mA. Data are calculated at the current of 35mA. Reproduced
from Ref. [7], with the permission of Springer Publishing

for the lowest hole concentration in the MQWs and the poorest LOP for Device C1
[see Fig. 6.9a and c]. Once the p-EBL/p-Al0.40Ga0.60N interface turns to the [0001]
polarity, the hole accumulation at the interface of p-EBL/p-Al0.40Ga0.60N causes a
reduced value of � [9], i.e., the values of � are 529, 390 and 351 meV for Devices
C2, C3 and C4, respectively. As a result, holes can efficiently transport and inject into
the active region especially Device C3 and C4, which interprets the results shown in
Fig. 6.9a and c. Hence, it is concluded that the improved performance for DUVLEDs
can be obtained by making the p-EBL/p-Al0.40Ga0.60N interface [0001] oriented and
keeping the increased polarization level.

Finally, we simultaneously vary the polarization level of p-EBL/p-Al0.40Ga0.60N
and p-Al0.40Ga0.60N/GaN interfaces while setting the polarization level of 0.4 for
the other layers. Figure 6.11a tells that the LOP increases as the polarization level
increases from −1 to 1, which is consistent with the results observed in Fig. 6.6a.
Next, we show the electric filed and hole concentration profiles in Fig. 6.6b and c
for Devices D1, D2, D3 and D4 for which the polarization levels of the p-EBL/p-
Al0.40Ga0.60N and p-Al0.40Ga0.60N/GaN interfaces are −0.2, 0, 0.2 and 0.6, respec-
tively. Moreover, the values for the work done to holes by the electric field within the



6 Screen the Polarization Induced Electric Field Within the MQWs … 55

0.18 0.21 0.24
-1

0

1

2

3

4

=792 meV

En
er

gy
 b

an
d 

(e
V)

Relative position ( m)

Device C1
@ 35mA

0.18 0.21 0.24

0

1

2

3

4

5

=529 meV

Device C2
@ 35mA

En
er

gy
 b

an
d 

(e
V)

Relative position ( m)

0.18 0.21 0.24

0

1

2

3

4

5

=390 meV

Device C3
@ 35mA

En
er

gy
 b

an
d 

(e
V)

Relative position ( m)
0.18 0.21 0.24

0

1

2

3

4

5

=351 meV

Device C4
@ 35mA

En
er

gy
 b

an
d 

(e
V)

Relative position ( m)

(a) (b)

(c) (d)

Fig. 6.10 Energy band diagrams for a Device C1, b Device C2, c Device C3, d Device C4. The
polarization level for the p-EBL/p-Al0.40Ga0.60N interface is set to−0.2, 0, 0.2 and 0.6, respectively
at the current of 35 mA.� represents the valence band barrier height for p-EBL. Data are calculated
at the current of 35 mA. Reproduced from Ref. [7], with the permission of Springer Publishing

p-Al0.40Ga0.60N/p-GaN structure are also calculated and summarized in Table 6.5.
Figure 6.6b demonstrates that partial of electric field in the p-Al0.40Ga0.60N/p-GaN
structure for Device D1 is opposite to the hole injection path. As a result, the holes
may be slowed down and retarded by the p-Al0.40Ga0.60N layer and p-EBL. The elec-
tric field for Devices D2, D3 and D4 is along the hole injection path and can facilitate
the hole injection into the MQWs by enhancing energy for holes, which is well con-
firmed by Table 6.5. Meanwhile, the previous analysis also reveals that the valence
band barrier height for the p-EBL can be significantly reduced once more holes are
accumulated at the p-EBL/p-Al0.40Ga0.60N interface [see Fig. 6.10]. Hence, the hole
concentration in the MQWs for Devices D2, D3, and D4 is far higher than that for
Device D1, which is shown in Fig. 6.11c. Figure 6.11c also illustrates the highest
hole concentration is given by Device D4, which possesses the largest kinetic energy
for holes and smallest valence band barrier height of the p-EBL. Hence, we verify
that the polarization level of the p-EBL/p-Al0.40Ga0.60N and p-Al0.40Ga0.60N/p-GaN
interfaces remarkably influence the performance for DUV LEDs. We can intention-
ally increase the polarization level of p-AlGaN layer to improve the hole injection
efficiency for DUV LEDs. Meanwhile, we notice the LOP for Device D4 is ~5 mW
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Fig. 6.11 a Light output power in terms of the polarization level varying from −1 to 1 for p-
EBL/p-Al0.40Ga0.60N and p-Al0.40Ga0.60N/p-GaN interfaces, b electric field profiles, and c hole
concentration profiles for Devices D1, D2, D3 and D4, respectively. Data are calculated at the
current of 35 mA. Reproduced from Ref. [7], with the permission of Springer Publishing

Table 6.5 Values of the work done to holes by the electric field within the p-Al0.40Ga0.60N/p-GaN
structure for Devices D1, D2, D3 and D4, ‘–’ represents the holes obtain energy from the electric
field

Devices Device 1 Device 2 Device 3 Device 4

Work (meV) +236 −323 −526 −652

Data are calculated at the current of 35 mA. Reproduced from Ref. [7], with the permission of
Springer Publishing

[see Fig. 6.11a], which number is higher than that of ~3.6 mW in Fig. 6.6a when the
polarization degree is 0.6 for the whole DUV LED architecture. The difference of
the LOP arises from the different polarization levels in the active region. Hence, we
strongly believe the performance can be further boosted by screening the polarization
field in the MQWs.

In summary, the report in Ref. [7] reveals that the polarity for the p-EBL/p-
AlGaN/p-GaN hole injection layer is essentially important for DUV LEDs. We sug-
gest not using the conventional p-EBL/p-AlGaN/p-GaN hole injection layer when
one tries to grow semipolar, nonpolar and nitrogen-polar DUVLEDs. The hole injec-
tion can be facilitated only when the p-EBL/p-AlGaN/p-GaN hole injection layer is
of the metal polarity. Meanwhile, the strong polarization level for the [0001] oriented
p-EBL/p-AlGaN/p-GaN hole injection layer is also required, which enables the sup-
pression of the hole depletion effect in the p-AlGaN layer. The results here are also
consistent with our findings in Ref. [10]. Therefore, we strongly believe that more
efforts shall be made for the in-depth investigations into the p-EBL/p-AlGaN/p-GaN
hole injection layer for AlGaN based DUV LEDs. We also suggest the alternative
hole injection layer when growing semipolar, nonpolar and nitrogen-polar DUV
LEDs, e.g., using the p-AlGaN based hole injection layer with the AlN composition
graded.
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Chapter 7
Thermal Management for DUV LEDs

Abstract DUV LEDs possess very huge heating issue. On one hand, the sapphire
substrate has a poor thermal conductivity, and on the other hand, DUV photons are
easily absorbed by the absorptive p-GaN layer and the metal contact in the way
of free carrier absorption, which further increases the self-heating effect for DUV
LEDs. This chapter briefs readers on the currently adopted technologies for better
thermal management.

DUV LEDs emit photons with very high energy which can be easily absorbed by
those non-active layers. Meanwhile, the low LEE causes very strong free carrier
absorption. Therefore, those DUV photons that fail to escape from the chips are
converted into heat. On the other hand, sapphire has very low thermal conductivity
(0.35 W cm−1 K−1), which further makes the thermal management important for
DUV LEDs. As has been mentioned previously, the self-heating can be reduced by
improving the current spreading effect [1]. Guo et al. suggest driving the DUV LEDs
by using the pulse mode with the duty cycle smaller than 0.2% [2]. However, most
of the solid-state light sources are driving by CW power source. Thus, DUV LEDs
are featured with the flip-chip structure and the devices are mounted on the AlN
insulation carrier [3]. Note, the AlN insulation carrier can well dissipate the heat
because of the excellent thermal conductivity of 175 W cm−1 K−1.
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Chapter 8
The Light Extraction Efficiency for DUV
LEDs

Abstract DUV LEDs have very low light extraction efficiency (LEE), which is
caused by the unique optical polarization and the optically absorptive semiconductor
and metal layers. This chapter reviews and analyzes the approaches that have ever
been used to improve the LEE. This chapter also points out that, the removal of
the p-GaN layer can yield a high LEE without guaranteeing the enhanced wall plug
efficiency in the same time. Thus, evenmore effort shall be made to achieve excellent
ohmic contact for DUV LEDs.

DUV LEDs are unique because of the co-existence of the TE-polarized and TM-
polarized photons in theMQW region. Therefore, the LEE for both the TE-polarized
and TM-polarized photons has to be enhanced.

First of all, the LEE is subject to the optical absorption by the p-GaN layer that
has the energy bandgap lower than the AlGaN basedMQWs. According to the report
by Shatalov et al. [1], the LEE can be improved by over 50% if the p-GaN layer can
be replaced by the UV transparent Al-rich p-AlGaN layer. However, the difficulty
in obtaining high hole concentration for Al-rich p-AlGaN layer makes the perfect
ohmic Al reflector less doable. Fortunately, Pd has the work function of 5.12 eV that
is larger than Al of 3.28 eV. Moreover, the electric resistivity for Pd is smaller than
10−3 � cm−2, which makes Pd as the excellent candidate for p-type ohmic current
spreading layer.Nevertheless, the optical reflectivity for Pd is as lowas 40% in theUV
spectral range. Therefore, Lobo eta al. propose to utilize nanopixel contacts on the p-
AlGaN layer [2], such that the nanopixel Pd contacts are patterned and fabricated on
the p-AlGaN layer for DUV LEDs, and then the Al reflector is deposited on both the
Pd nanopixel contacts and the p-AlGaN layer [see Fig. 8.1a]. By doing so, the LEE
for DUVLEDs can be increased without significantly sacrificing the forward voltage
as along as the size for the nanopixels are fully optimized [see Fig. 8.1b]. Another
approach to relieve the optical absorption is to formNi/p-GaNmeshes by conducting
selectively etching [3], and then Al reflector is deposited on the Ni/p-GaN and the
exposed p-AlGaN layer [see Fig. 8.1c]. By doing so, the LEE can be enhanced by
1.55 while the forward voltage is negligibly increased as shown in Fig. 8.1d.

Another effective approach for increasing the LEE without increasing the for-
ward voltage is sample patterning. The DUV LEDs can be grown on the patterned
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Fig. 8.1 a Schematic cross-sectional view for theDUVLEDwith Pd contacts andAl reflector layer,
b optical output power in terms of the injection current for nanopixel DUV LEDs with different
nanopixel sizes; inset shows the relationship between the current and the voltage for the structures,
c schematic cross-sectional view for the DUVLEDwith the proposed p-GaN/Ni/Au ohmic contacts
and Al reflector layer, d current-voltage characteristics for DUV LEDs with and without reflective
electrodes; inset shows the emission spectrum at 20 mA DC operation Fig. a and b reproduced
from Ref. [2], with the permission of AIP Publishing; Fig. c and d reproduced from Ref. [3], with
permission of IOP Publishing

substrates, and the light escape surface can be patterned, e.g., the backside for the
sapphire substrate. It has been proven that growing InGaN/GaN LEDs on patterned
sapphire substrate can at least double the LEE [4]. The patterns on the substrate are
required to be in nanoscale which is because of the low mobility for Al adatoms and
the long coalescence time when growing AlN buffer layer [5–8]. Besides engineer-
ing the substrate, patterning the backside for the device is an effective alternative
approach to increase the LEE for flip-chip DUV LEDs, e.g., hybridized structures
comprising AlN nanocone photonics crystals and the subwavelength nanostructures
on the AlN substrate [9], nanolens arrays [10], microlens [11], textured the N-face
AlN buffer layer that is wet-etched in the KOH solution [12].

As has been mentioned previously, the optical emission for DUV LEDs is dom-
inated by the TM-polarized photons, which indicates that the majority of the light
will propagate to the sidewall of the mesa. Therefore, it is essentially important to
increase the LEE on the device sidewalls. For that purpose, roughened sidewalls for
the sapphire are fabricated by using picosecond laser dicing [13], which are shown
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Fig. 8.2 Simulated LEE
enhancement factor as a
function of the roughening
layer number. Reproduced
from Ref. [13], with the
permission of AIP
Publishing

in Fig. 8.2. We can also see that the LEE reaches the maximum when the roughened
layer is 3. The inset for Fig. 8.2 also indicates that the roughen sidewalls for the sap-
phire substrate do not affect the current-voltage characteristics, since the sapphire
serves as the insulator without providing current paths.

Another design to enhance the LEE for the TM-polarized light is to modulate the
propagation direction of the beams, which can be achieved by adopting the inclined
side wall reflector [14–17]. The beam propagation can be tuned and the LEE for
DUVLEDs can also be enhanced by using the inclined mesa [18, 19]. The optimized
inclined angle for themesa is found to be 37.83° according to the report by Chen et al.
[19]. Most recently, our group has further modified the inclined sidewall structure,
such that we place the bottom metal mirror with air cavities in the adjacent mesas
so that the TM-polarized DUV photons can be less absorbed by the sidewall metal
mirrors [20, 21].

Since most of the TM-polarized light tends to escape from the sidewall, then
it will be realistic to increase the surface-to-volume ratio by fabricating nanorod
LEDs. The other advantage for nanorod UV LEDs is the partial release of the strain
[22]. According to numerical calculations, the LED for both TE- and TM-polarized
light can be remarkably increased as presented in Fig. 8.3a and b [23]. The LEE for
nanorod DUV LEDs can be further promoted if the proper passive layer is deposited
on the nanorods, and the numerical calculations indicate that, among the candidates
of SiO2, AlN and SiNx, the small refractive index of SiO2 can best extract the photons
from the nanorod cores [24]. In spite of the promising aspect for nanorodDUVLEDs,
the fabrication difficulty is a big obstacle, and the surface damages that are caused
during the dry etching process for the top-to-down nanorod structures make the EQE
even lower than 0.01% at the current stage [25].
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Fig. 8.3 Numerically calculated LEE of TE- and TM-polarized emission in terms of the p-GaN
layer thickness for a planar DUV LEDs, b nanorod DUV LEDs. Reproduced from Ref. [23], with
the permission of Springer
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Chapter 9
Conclusions and Outlook

Abstract This chapter summarizes the content for this book and suggests the future
research outlooks for DUV LEDs.

To summarize, this work has reviewed the issues that AlGaN-based DUV LEDs are
encountering now. Countermeasures that are taken by the community are reported.
The absence of the localized states makes the IQE for DUV LEDs sensitive to the
TDs, and the TDD can be reduced by growing DUV LEDs on nanopatterned sub-
strates. Because of the poor Mg doping efficiency for the p-AlGaN layer, the low
electrical conductivity easily causes the current crowding effect for the flip-chip
DUV LEDs. Nevertheless, the current spreading for DUV LEDs are less studied at
the current stage, and this can be suggested as a research spot. To increase the EQE
for DUV LEDs, one has to also increase the hole injection, which can be realized
by improving the p-type doping efficiency for the p-type nitride layer, increasing the
hole drift velocity, reducing the hole blocking effect by the p-EBL and increasing
the hole concentration within the MQWs. It is interesting that the hole distribution
across the MQWs for DUV LEDs shows various profiles, and this is caused by
the different energy band offset ratios assumed during the calculations. Moreover,
the AlxGa1−xN/AlyGa1−yN quantum well/quantum barrier structure provides more
freedom in setting the AlN compositions (i.e., x and y), which also affect the hole
distribution profiles across the MQW region. We also summarize the designs which
are effective in reducing the electron leakage. Specifically, we present to reduce the
electron energy by modulating the Si doping concentration or/and the AlN composi-
tion in the n-AlGaN layer. The quantum wells can better capture the electrons once
the electron energy decreases. This work discusses the importance of screening the
polarization effect within theMQWs and the excellent thermalmanagement forDUV
LEDs. Lastly, it is pointed out that the LEE for DUV LEDs can be improved by e.g.,
using nanopatterns on the backside for the sapphire, depositing reflective mirrors
on the sidewalls for the mesa, adopting the inclined mesa sidewall. Thanks to the
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larger surface-to-volume ratio, nanorod DUV LEDs are also promising for increase
the LEE numerically, though the EQE for nanorod DUV LEDs is low experimen-
tally. The authors in this work also suggest investigating the in-depth device physics
for DUV LEDs by using advanced simulation program. The understanding for the
device physics is important for developing high-efficiency DUV LEDs at a low cost.



Appendix

In all our calculations, Investigations on the DUV LEDs are made by using
Crosslight APSYS. We set the Shockley-Read-Hall (SRH) lifetime and Auger
recombination coefficient to 10 ns and 1 � 10−30 cm6 s−1 in our model, respec-
tively [1,2]. The energy band offset ratio between the conduction band offset and
the valence band offset for AlGaN/AlGaN heterojunctions is 50:50 [3]. The
polarization charges can be calculated by referring to the method developed by
Fiorentini et al. [4]. The light extraction efficiency for the studied DUV LEDs is
*9% which is within the reasonable range for the *280 nm DUV photons [5].
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