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The strong polarization-induced electric field in the multi-quantum well region reduces the radiative recombina-
tion rates by separating the electron and hole wave functions, which is one of the most detrimental factors that is to
blame for the low luminous efficiency of AlGaN deep-ultraviolet light-emitting diodes (DUV LEDs). In this work,
we redesigned the active region by incorporating Si and Mg doping at the vicinity of the quantum wells, forming
a series of embedded p — i — # junctions in the multi-quantum well region. The additional electric field induced
by the fixed charges from the embedded doping-induced junctions can effectively compensate for the intrinsic
polarization-induced electric fields in the quantum well region and give rise to the improved overlap of hole and
electron wave function, hence enhancing the radiative recombination rates and the external quantum efficiency and
optical power of DUV LEDs. The mechanism behind the alleviated polarization electric field is comprehensively
discussed and analyzed. The embedded p — i — n junctions can also alter the band diagram structure of the active
region, decrease the effective barrier heights for holes, and diminish the electron leakage into the p-type region.
In addition, different thicknesses and doping concentrations of the embedded p- and #- layers were designed, and
their influence on the performance of DUV LEDs was numerically analyzed. The proposed structure with embed-
ded p — i — n junctions provides an alternative way to achieve efficient DUV LEDs. © 2022 Optica Publishing
Group

https://doi.org/10.1364/A0.464029

1. INTRODUCTION

AlGaN deep-ultraviolet light-emitting diodes (DUV LEDs)
have demonstrated great potential in medical disinfection,
water and air purification, and microelectronic photolithogra-
phy [1-5]. Pandemics like COVID-19 have caused increasing
demands for DUV LEDs in public health disinfection systems.
However, the optical power and external quantum efficiency
(EQE) of AlGaN-based DUV LEDs are far from satisfactory
in the current stage and a high-efficiency DUV LED is highly
desirable to replace mercury-based light sources.

A number of factors are responsible for the poor optical and
electrical performance of DUV LED:s, such as the low hole
injection efficiency [6,7] and serious electron leakage [8,9].

LQB [13]. Besides, different structures inserted between EBL
and LQB have also been proved to effectively boost the light
output power (LOP) [14,15]. Recently, we found that by incor-
porating a polarization-engineered AlxGal-xN/AlyGal-yN
superlattice layer at the EBL/LQB interface, the polarization
charge type can be inverted from positive to negative and the
hole injection efficiency can be enhanced effectively [16].

Other than the carrier transport issue, the low radiative
recombination rates in the active region are another nonneg-
ligible issue that directly determines the luminous efficiency
of DUV LEDs and urgently remains to be solved. On the one
hand, the crystalline quality of the multiple quantum wells
(MQWs) grown along the [0001] orientation can directly

Numerous structures were proposed and investigated to resolve
the aforementioned carrier transport problems, and extensive
efforts have been devoted to modifying the structure of the
electron blocking layer (EBL) and its immediate vicinity, such
as p — AlGaN/AlGaN/p — AlGaN EBL [10], Al composition
linearly grading EBL [11], last quantum barrier (LQB) with
linearly increased Al composition [12], and particularly doped
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affect the radiative recombination rates and LOP [17-19].
Growing underlayer and superlattices below the MQWs can
efficiently reduce the concentration of deep traps and nonradia-
tive recombination centers in quantum wells (QWs) [20,21].
On the other hand, the large lattice mismatch between the QW's
and the quantum barriers (QBs) arouses a strong polarization-
induced electric field, which leads to a spatial separation of
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carrier wave function and decreases the luminous efficiency
[22,23]. Some unique methods were proposed to alleviate the
polarization electric field and boost the radiative recombination
rates in the active region of DUV LEDs. The overlap of wave
function for electrons and holes can be improved effectively
by taking advantage of the Al composition-graded QBs [24].
Quaternary AllnGaN barriers have also been utilized to suppress
the polarization-induced electric field [25]. Additionally, DUV
LEDs grown on large misoriented sapphire substrates have been
reported with increased wave function overlap of carriers and
enhanced radiative recombination [26]. In addition, there are
also reports demonstrating that Si doping in QBs is effective in
improving the forward electrical performance of DUV LEDs
[27,28]. Nevertheless, there has been no report on modulating
the built-in electric field by engineering the doping profile in the
active region, and the mechanism behind the alleviated polariza-
tion electric field simply through doping in QBs in DUV LEDs
remains to be explored and investigated.

In this paper, we propose an alternative approach toward
screening the polarization-induced electric field in the active
region of AlGaN DUV LEDs. By implementing MQW's with
locally embedded p — 7 — 7 junctions, the extra donors and
acceptors can partially compensate for the polarization charges
at the QW/QB interface, contributing to a reduced overall
electric field in QWs. Thus, enhanced radiative recombination
rates and LOP can be obtained in comparison with the reference
sample. Furthermore, the optical and electrical characteristics
of DUV LEDs with different doping thicknesses and concen-
trations in the QBs are numerically compared and studied. The
physical mechanism behind the enhanced performance of the
proposed DUV LEDs is comprehensively investigated.

2. DEVICE STRUCTURE AND PARAMETERS

Figure 1(a) depicts the epitaxial structure of the DUV LEDs
in this study, which consists of a 4 pum-thick 7 — Al ¢Gag4 N
with an electron concentration 8 x 10'® cm ™3, five periods of
Al 45Gag.s5 N/Alys7Gag 43 N MQWs (the thicknesses of each
Alo'45 Gao_55 N QW andAlo_57Ga0.43 N QB are 3 nm and 10 nm,
respectively) as the active region, a 10 nm-thick p — Al ¢Gag 4
N EBL, a 50 nm-thick p — Alg4Gags N hole supplier, and a
50-nm-thick p-GaN cap layer. The effective hole concentra-
tions of p-type layers are set to be ~1 x 107 cm ™. The mesa
size of the DUV LED structures is set to be 350 um x 350 pm.
Figures 1(b) and 1(c) schematically show the design of the
active region, in which the QWs and QBs of the reference
sample (denoted as Device A) remain undoped while a series
of p — i — n junctions are locally incorporated at the vicinity
of each QW for the proposed structure (denoted as Devices B
to D). Specially, for Devices B to D, the green region in QBs
is doped by Mg, while the yellow region in QBs is doped by
Si, as shown in Figs. 1(b) and 1(c), which forms an embedded
p — i —n junction for the purpose of modulating the built-
in electric field of the active region. Correspondingly, the Al
composition of the p-type and n-type region is 57%, identical
to that of the QBs, while the intrinsic region of the embedded
p — i —n junctions features an Al composition of 45%, the
same as that of the QWs. To explore the influence of the embed-
ded p — i — njunctions on the performance of the DUV LEDs,
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Fig. 1. (a) Schematic diagrams of the reference sample (denoted as
Device A). Structures in MQWs region of (b) Device A, (c) Devices B,
C, and D. The polarization electric field in QW' has been marked by
black arrows, while the electric field produced by embedded p — 7 — n
junctions has been marked by red arrows.

the doping thickness (x) and doping concentration are varied
from Device B to Device D. The value of x is set as 2 nm and the
Mg and Si doping concentrations are both 2 x 10'® cm™ for
Device B. The value of x is increased to 3 nm in Device C, with a
doping concentration identical to that of Device B. The doping
concentration of Mg and Si in Device D are both increased to
5 x 10'® em™3, and the value of x is the same as Device C.

The numerical investigation was conducted by using the
Advanced Physical Models of Semiconductor Devices (APSYS)
software, which can self-consistently solve Schrodinger and
Poisson’s equations with proper boundary conditions. Drift-
diffusion equations and material parameters for Ill-nitride
semiconductors are taken into account during the numerical
simulation process [29,30]. The built-in interface charges
caused by the spontaneous and piezoelectric polarization
are calculated based on the theory proposed by Fiorentini
et al. [31]. The possible defect factors have been taken into
account, and the interfacial charge density is assumed to be
40% of the theoretical value [32]. The Shockley—Read-Hall
(SRH) recombination lifetime, light extraction efficiency, and
auger recombination coefficient are set to be 14 ns, 6%, and
1.7 x 1073 cm®/s, respectively. Similar values can be found
in Refs. [15,33-35], validating the accuracy and rationality
of our simulation. What is more, a band offset ratio of the
AlGaN/AlGaN heterojunctions is set as 50:50, which is defined
as the ratio between the conduction band offset and valence

band offset [36].

3. RESULTS AND DISCUSSION

The calculated L-1-V and EQE curves are plotted in Figs. 2(a)
and 2(b), respectively. The numerically calculated LOP and
EQE values (black curves) of Device A are consistent with the
experimentally measured data (red dots) from Ref. [37], sug-
gesting the effectiveness of our device model and parameters

adopted in the calculation. At a current density of 170 A/cm?,
the LOP of Devices A, B, C, and D is 16.72'W/cm?,
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Fig.2. Calculated (a) L-I-V characteristic, and (b) EQE for Devices

A, B, C,and D in terms of the injection current.

18.17 W/cm?, 19.03 W/cm?, and 21.43 W/cm?, respec-
tively. Compared with the reference sample, the LOP of Device
D is increased by 28%, and the efficiency droop is signifi-
cantly reduced by 42.51% at a current density of 170 A/cm?.
Nearly the same forward voltages have been observed in the
four devices, indicating that the DUV LEDs with embedded
p — i — n junctions can generate higher LOP with nearly the
same power consumption compared with the reference sample.

To explore the effect of the embedded p — 7 — 7 junctions on
reducing the built-in electric field, we extracted the electric field
in the active region of the four investigated devices at an injec-
tion current density of 110 A/ cm?, as shown in Fig. 3(a). We
also plotted the electric field profiles of the last QW in Fig. 3(b)
for an explicit exhibition. For the reference Device A, a negative
built-in electric field of around —4 x 10° V/cm can be observed
in the active region, which indicates that the overall electric field
in the active region is in the opposite direction of the [0001]
growth orientation, resulting in spatial separation of the elec-
tron/hole wave functions and thus reduced recombination
efficiency of the LEDs. With incorporated p —7 — 7 junc-
tions in the active region of Device B, a remarkable reduction
can be recorded in the overall electric field of the active region,
thanks to the combined effect of the electric field induced by the
p — i — n junction and the polarization-induced electric field
due to the lattice mismatch between the QW and QB layers. To
figure out the influence of the doping concentration and thick-
ness on modulating the built-in electric field, we first increased
the doping thickness from 2 nm in Device B to 3 nm in Device
C while keeping the doping concentration unchanged, and
then increased the doping concentration from 2 x 10'® cm™?
in Device C to 5 x 10'® cm™ in Device D while keeping the
thickness identical. It can be seen that only a minor reduction
can be observed from Device B to Device C, while the electric
field is dramatically reduced from Device C to Device D, indi-
cating the doping concentration possesses the most significant
impact on the reduction of the overall built-in electric field in
the active region.

For the purpose of revealing the mechanism behind the
reduction of the overall electric field in the active region, we
established an analytical model by calculating the polarization
charges and fixed charges-induced electric fields at the QW/QB
interfaces. As schematically depicted in Fig. 3(c), the electric
fields induced by the fixed charges possess opposite directions
and thus can be utilized to compensate for the intrinsic electric
fields induced by the polarization charges at the hetero QW/QB

interfaces.
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Fig. 3.  Electric field in (@) MQWs region, p-EBL, and part of

p —Alp4Gags N, and (b) the last QW of all investigated devices;
(c) calculated energy band diagram and charge distribution in Device
D; (d) normalized electron and hole wave function in the last QW for
Devices A, B, C, and D; (e) radiative recombination rates; (f) Auger
recombination rates; and (g) SRH recombination rates in the MQWs.
For a clear comparison, the horizontal positions of three recombina-
tion rates for Devices B, C, and D are artificially shifted by 3, 3, and
6 nm, respectively, compared with Device A. The data are all extracted
at the injection current density of 110 A/ cm?. (h) Total spontaneous
emission rates of the four DUV LED:s.

The polarization charges-induced electric fields at both inter-
face A and B can be expressed by the following equation:

eo;

(1

=
| Eoptpe] = oy’
where ¢ is the elementary electronic charge, o is denoted as the
density of the polarization-induced charges, ¢, is the relative
dielectric constant of AlGaN, and & is the electric permittivity
invacuum.

The fixed charges-induced electric fields at interface A and B
are related to the ionized Mg and Si impuritiesin the p —7 — »
embedded junctions, respectively, which can be expressed by the
equations below,

|| = 22, ()
£-&0
|Eg] =225 3)
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where 0, is the density of the ionized Mg impurities and can be
obtained from o7, = pJDr X tp, where pg is the concentration
of the ionized Mg acceptor and ¢, is the thickness of ionized
acceptor region in each QB. o; is the density of the ionized Si
impurities and can be obtained from o,; = njg X tp, where
nJB is the concentration of the ionized Si donor and ¢p is the
thickness of ionized donor region in each QB.

It should be noted that only polarization charges-induced
electric fields are considered in the reference Device A, while
Devices B to D also involve the electric fields induced by
the fixed charges from the embedded p —i — 7 junctions.
Therefore, the overall electric field in the QW region at interface
A for Devices B to D can be expressed by

- e elo; — ol
|Esptpe+ Enge| = ————.

(4)

£,&0

Similarly, the overall electric field at interface B can be calcu-

lated by

(5)

E - E e |Us — Os;i |
|Espips+ Esi| = PP

By analyzing the equations above, it can be deduced that the
fixed charges-induced electric fields in the embedded p — i — »
junctions can reasonably compensate for the intrinsic polari-
zation charges-induced electric fields, which can verify the
effectiveness of the proposed structures.

The electron and hole wave functions of Devices A, B, C and
D are plotted in Fig. 3(d). The wave function overlap (I',_;,)
of Devices A, B, C, and D comes in increasing patterns, which
are calculated to be 42.42%, 54.23%, 56.58%, and 75.66%,
respectively. The dramatically enhanced I', _, for Devices B, C,
and D is attributed to the reduction of electric fields in the active
region and can benefit the recombination of electrons and holes
in the QW regions.

The radiative, Auger, and SRH recombination rates of all the
studied devices are displayed in Figs. 3(e), 3(f), and 3(g), respec-
tively. With suppressed built-in electric field and increased wave
function overlap, Devices B, C, and D are featured with boosted
radiative recombination rates as well as enhanced nonradiative
recombination rates [38,39]. With the combined effects from
the recombination processes above, Device D features the high-
est peak spontaneous emission rates, which is 27.7% higher
than that of Device A, indicating an effective improvement in
the luminous characteristics of the DUV LEDs with embedded
p — i — n junctions. Moreover, the peak emission wavelength
of Device D exhibits a blueshift of ~ 4 nm, which is attributed
to the alleviated quantum confined Stark effect (QCSE) under
the circumstances of the reduced electric field in the QW regions
[40-43]. Other than the I',_;), the transport behaviors of
electrons and holes at forwarding injection conditions also
affect the radiative and nonradiative recombination as well
as the spontaneous emission rates of DUV LEDs. Figure 4(a)
presents the electron distribution within the active region of
the four devices. With embedded p — i — 7 junctions in the
active region, boosted electron concentration can be observed
in the first four QWs for Devices B to D compared to Device A.
However, in the last QW, the electron concentration of Device A
is the highest among the four devices.
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Fig. 4. (a) Electron concentration profiles. The conduction band
of (b) Device A and (c) Device D in the MQWs; (d) electron current
density. The data are extracted at the injection current density of
110 A/cm?. Note that since the conduction band structures of Device
B and Device C are similar to that of Device D, the band diagrams of
Device B and C are not presented.

Table 1. Values of ®., for Devices A, B, C, and D

® (meV) Device A Device B Device C Device D
o, 188.77 171.56 168.27 146.74
®,, 202.65 186.78 184.05 161.19
D, 202.74 186.78 184.04 161.17
D4 202.62 186.69 183.95 161.04
D, 199.79 184.96 182.72 159.57
D, 340.03 345.50 348.95 358.51

To explain the distribution of electrons in the QWs, we com-
pared the conduction band of Devices A and D, as shown in
Figs. 4(b) and 4(c), and extracted the conduction band barrier
height of each QB, which is one of the determining factors for
the electron transport behavior. The potential barrier heights for
electrons in the EBL (symbolized as ®,) and QBs (symbolized
as ®,,) are defined as the energy difference between the highest
pointof the conduction band and the quasi-Fermi levels for elec-
trons, values of which are displayed in Table 1. The values of ®,,
in each QB decrease monotonously from Device A to Device D,
which indicates that the Si doping in the embedded p —7 — #
junctions can effectively decrease the effective barrier height for
electrons and favor the electron injection into the active region.
Moreover, the lower electron concentration recorded in the last
QW of Device D can be attributed to the fact that the ionized
Mg impurities act as negative charge centers, which can reflect
electrons back to the first four QWs and reduce the electron
overflow to the p-typeregion.

As shown in Fig. 4(d), the lowest leakage level of the electron
can be observed in Device D. The alleviated electron leakage can
be partly attributed to the increased @, in Device D. In addi-
tion, the rates of different recombination events in the MQWs
of Device D are higher than those of Device A, indicating that
more electrons can be consumed in the active region instead of
overflowing into the p-type region. Hence, the electron leakage
is efficiently suppressed with the combined impact of increased
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Fig.5. (a) Hole concentration profiles; valence band of (b) Device
A and (c¢) Device D in the MQWs; (d) hole current density. The data
are extracted at the injection current density of 110 A/cm?. Note that
since the valance band structures of Device B and Device C are similar
to that of Device D, the band diagrams of Device B and C are not pre-
sented.

Table 2. Values of ®., for Devices A, B, C, and D

® (meV) Device A Device B Device C Device D
D, 231.35 216.11 213.12 189.91
(O 228.91 214.23 211.48 190.38
D 228.94 214.29 211.54 190.41
D5 229.20 214.42 211.61 190.50
D, 466.70 446.18 435.85 398.75

@, and enhanced recombination, which can lead to reduced
nonradiative recombination in the p-type region.

Different from the electron distribution, the hole concentra-
tion in the QW's increases sequentially from Device A to Device
D, as shown in Fig. 5(a). Similarly, the valence bands of Device
A and Device D are displayed in Figs. 5(b) and 5(c). And the
potential barrier heights for holes in the EBL (symbolized as
®;) and QBs (symbolized as @,,) are also displayed in Table 2,
which are defined as the energy difference between the lowest
point of the valence band and the quasi-Fermi levels for holes,
respectively.

The values of ®,, in each QB monotonously decrease from
Device A to Device D, which suggests that the Mg doping in
the QB region adjacent to QW can facilitate the decrease of the
barrier height for holes at the QB/QW interface. Therefore, the
hole concentration in the QWs is enhanced correspondingly in
the proposed devices with embedded p — i — # junctions. The
@), of the four devices also shows a decreasing trend from Device
A to Device D. The lowest ®;, of 398.75 meV leads to the best
hole injection capability in Device D, as shown in Fig. 5(d).

Therefore, Device D exhibits the optimum electron and hole
distribution profiles in the active region, which can contribute
to the highest radiative recombination rates according to the

ABC model [44—46].
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4. CONCLUSION

In conclusion, we propose an alternative approach to alleviate
the built-in electric field in the active region for the purpose
of enhancing the LOP and EQE of DUV LEDs. By taking
advantage of the reversely orientated electric field induced by
the ionized dopants from the embedded p — 7 — # junctions
at the vicinity of the QWs, the polarization-induced electric
field can be effectively compensated, resulting in remarkably
enhanced overlap of the hole and electron wave functions and
thus, improved radiative recombination efficiency. The influ-
ence of the embedded p — i — 7 junctions on the band diagram
structure and carrier transport behavior is also investigated
systematically by adapting different doping thicknesses and
concentrations. We believe that our proposed DUV LEDs with
embedded p — i — 7 junction provide an effective approach to
obtain efficient DUV LEDs.
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