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High Efficiency Deep Ultraviolet Light-Emitting
Diodes With Polarity Inversion of
Hole Injection Layer
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Abstract—In this work, we investigate the performance im-
provement of N-polar AlGaN-based deep ultraviolet light-emitting
diodes (DUV LEDs) by the inversion of the hole injection layer from
N-polar to Ga-polar. The influence of different inversion points on
the performance and the energy band of DUV LED is systematically
studied, and the principle of performance improvement of DUV
LED is explained in detail through the analysis of the energy band.
Furthermore, according to the simulation results and practical
application, an appropriate inversion point is selected. Under the
current of 120 mA, with polarity inversion of the hole injection
layer, the light output power of the DUV LEDs increases from 21.34
mW to 29.71 mW, and the applied voltage reduces from 16.06 V to
9.63 V. The DUV LED with polarity inversion has a 132 % increase
in wall-plug efficiency (WPE) compared with the DUV LED which
is totally along [000-1] direction. Therefore, polarity inversion is an
effective way to achieve high-performance UV-LEDs.

Index Terms—Deep-ultraviolet (DUV), light-emitting diodes
(LEDs), polarity inversion.

1. INTRODUCTION

LGAN-BASED deep ultraviolet light-emitting diodes

(DUV LEDs) have attracted extensive attention in recent
years due to their widespread application in many fields, includ-
ing air sterilization, surface disinfection, ultraviolet (UV) curing
and printing, phototherapy and medical applications [1], [2], [3],
[4]. Compared with traditional UV light sources, AlGaN-based
LEDs feature advantages of low pollution, low energy consump-
tion, long life, and small size [5]. However, UV-LEDs suffer a
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poor luminous efficiency, and its external quantum efficiency
(EQE) and wall-plug efficiency (WPE) are generally lower than
10% and 5%, respectively. Although many efforts have been
made to improve the performance of UV LEDs [6], [7], [8], [9],
[10], [11], [12], the high-power, high-efficiency, and long-life
DUV LED:s are still difficult to achieve.

N-polar LEDs have the reversed polarization field over Ga-
polar counterpart, and its unique properties are beneficial to
increase the injection efficiency of electrons and holes [13], [14],
[15], [16], [17]. Therefore, N-polar LEDs have attracted much
attention in recent years. High-quality N-polar [II-nitrides films
can be obtained in some ways such as substrate orientation,
surfactants, and optimized growth conditions [18], [19], [20].
But the high oxygen incorporation rate in N-polar material which
is at least 10 times higher than that in Ga-polar material leads
to a high oxygen impurity concentration [21], [22]. As shallow
donors, the oxygen impurity will lead to high background carrier
concentration in Ill-nitrides, where hole concentration will be
adversely affected. Early researchers found that N-polar GaN
could be inversed to Ga-polar GaN by heavily doping with
Mg or exposing to Mg flux, and the formation of an Mg«N,
compound was considered to be the cause of the polarity in-
version [23], [24], [25], [26], [27]. Thus, the problem of low
hole concentration in N-polar LEDs can be solved by polarity
inversion. However, there is no studies related to the application
of polarity inversion in N-polar UV-LEDs, and the mechanism of
polarity inversion in energy band engineering is still unclear. In
this study, the enhanced performance of N-polar UV-LED with
polarity inversion is numerically investigated. And according
to the energy band diagrams and carrier distributions obtained
by simulation, the mechanism of the enhanced performance of
UV-LEDs with polarity inversion is theoretically analyzed.

II. SIMULATION SETTINGS

The simulated device structure of UV-LEDs along [000-1]
direction is designed and shown in Fig. 1(a). The layer structure
includes: a 2-pm-thick n-Alp ¢Gag 4N (Si: 8 X 10" cm™?)
layer is on the sapphire substrate as the electron injection layer.
Subsequently, five periods of Aly 57Gag.43N/Alg 47Gag 53N are
deposited on n-AlpsGap 4N as the multiple quantum wells
(MQW5s) active region, where the thickness of Aly 47Gag 53N
quantum well is 3 nm, and the thickness of Aly 57Gag 43N
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Fig. 1. Structures of (a) Sample A and (b) Sample B.

quantum barrier is 12 nm. The electron blocking layer (EBL)
used to suppress electron leakage is a p-type Alg.g5Gag 35N
(Mg: 4 x 10" cm™3) layer whose thickness is 20 nm. Lastly,
the thickness of the p-Aly 5Gag sN (Mg: 4 x 10'8 cm™3) layer
is 50nm, and the thickness of the p-GaN (Mg: 2 x 10! cm ™)
layer is 120 nm. The device size is 400 ym x 400 pm.

In this study, the numerical calculation is performed by Ad-
vanced Physical Models of Semiconductor Devices (APSYS),
which is an advanced simulation software for semiconductor
device physical models. The energy bandgap of the Al,Ga; N
alloy is obtained by using the following formula [28],

E,(Al,Ga;_;N) =z - E,(AIN) + (1 — z) - E,(GaN)
—b-z-(1—x) (1

where the bandgaps of AIN and GaN are 3.420 eV and 6.026 eV
at 300 K, respectively. The bending coefficient b is set to be 1.
The energy band offset ratio of the AlGaN based heterojunction
is set to be 65:35 [29]. Moreover, the Auger recombination
coefficient and the Shockley-Read-Hall (SRH) recombination
lifetimes are set to be 1.5 x 103° cm%/s and 10 ns, respectively.
According to Fiorentini’s theory [30], the shielding coefficient of
the theoretical polarization charges is set to be 50% in this study
due to the fact that defects and dislocations will compensate part
of the polarization charges. Furthermore, we set the temperature
and light extraction efficiency (LEE) to be 300 K and 10%,
respectively. The other material parameters of the nitrides can
be found in other studies [28]. The peak emission wavelength of
the calculated electroluminescence (EL) spectra of this UV-LED
is around 274 nm at 120 mA.

In the actual growth of the device, although heavily doping
with Mg can achieve the inversion from N-polar to Ga-polar,
the polarity inversion can’t occur instantaneously. Complete
inversion can only be achieved after growing a certain thickness
of layer [25]. Therefore, complete inversion occurs in the hole
injection layer, not at the interface between the active region and
the hole injection layer. We define the position where complete
polarity inversion occurs as Inversion Point (IP). It is assumed
that the layers below IP are N-polar ([000-1]), while the layers
above IP are Ga-polar ([0001]). As shown in Fig. 1, we define
the interface position between the active region and the hole
injection layer as Starting Point (SP). The whole structure grown
along [000-1] direction is set as the original LED structure,

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 2, APRIL 2023

120 ——Sample A
—o— Sample B

g0 —>Sample A
—o— Sample B

g

2

Current (mA)

/
/
/

I

f

[

0 5 10 15 0 20 40 60 80 100 120
Voltage (V)

Light Output Power (mW)

w
s

Current (mA)

—o— Sample A (@

—— Sample B

Sample A

2, @120mA
~—— Sample B

o

Wall-plug Efficiency (%)
" -
7 ‘z
EL (a

~200
3

£150

intensi

100

50

0 " "
240 250 260 270 280 290 300 310
Wavelength (nm)

0 20 40 60 80 100 120
Current (mA)

Fig. 2. (a) I-V, (b) L-I curves, (¢) WPE and (d) electroluminescence spectra
of Sample A and B at 120 mA.

and different samples can be obtained according to the distance
between IP and SP.

III. RESULTS AND DISCUSSION

The original LED structure is denoted as Sample A. The
structure in which the distance between IP and SP is 10 nm,
that is, the polarity inversion is assumed to occur in the EBL,
is denoted as Sample B. As shown in Fig. 1, Sample A and
B are identical except for the different polarity in the hole
injection layer. And the simulation results of Sample A and
Sample B including current and voltage (I-V) curve, light output
power-current (L-I) curve, WPE and EL spectra are present in
Fig. 2. The turn-on voltages of Sample A and B are about 4.6
V and 4 V, respectively. This means that Sample A needs a
larger applied voltage than Sample B to reach the same current
value. The voltages of Sample A and B is 15.9 V and 9.55
V at 120 mA, respectively. As the L-I characteristic shown in
Fig. 2(b), Sample B has a larger curve slope than Sample A. At
the injection current of 120 mA, the light output power (LOP) of
Sample B is increased by 75.1% compared with that of Sample
A. Furthermore, in order to identify the comprehensive effects of
applied voltage and light output power on device performance,
the WPE of the two samples are calculated and shown in Fig. 2(c)
Over the entire current range, the WPE of Sample B is much
higher than that of Sample A due to the decreased applied voltage
and the increased LOP. The WPE of Sample B is more than twice
that of Sample A at 120 mA. It can be seen from Fig. 2(d) that the
EL peak emission wavelength for both samples is around 274
nm, and Sample B has a higher intensity. These results indicate
that the polarity inversion of the hole injection layer is helpful
to improve the efficiency of devices.

To investigate the performance improvement with the polarity
inversion, the carrier distribution profiles of the active region of
Sample A and B are characterized. As shown in Fig. 3(a) and
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Fig. 4. Conduction band diagrams of (a) Sample A and (b) Sample B at 120
mA. Valence band diagrams of (c) Sample A and (d) Sample B at 120 mA.

(b), the electrons and holes concentration in the active region
of Sample B are both higher than those of Sample A, which
is benefited from the improvement of electron blocking and
hole injection ability. Fig. 3(c) shows the normalized electron
currents of the two samples. Compared with Sample A,the
leakage current in the p-type region of Sample B decreases
from 50% to 2%. Since IP is in the EBL, we believe that
the improved performance originates from the change of the
energy band of the EBL. To explain the potential boosting
mechanism, the band diagrams of Sample A and B at 120 mA are
plotted in Fig. 4. Solid blue lines are energy bands, and red dot
dashed lines are quasi-Fermi levels. To quantitatively analyze
the ability of electron blocking and hole injection, ®, is used
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Fig.5. (a) I-V, (b) L-I curves, and (c) WPE of Sample C.

to represent the energy difference between quasi-Fermi level
and conduction band, while ®y, represents the energy difference
between quasi-Fermi level and valence band. The ®.4 and ®1, 5
for Sample A are 293.1 meV and 271.0 meV, respectively, while
the ®.p and Py, for Sample B are 335.4 meV and 188.7 meV,
respectively. Compared with Sample A, the electron barrier in
Sample B is increased by 42.3 meV, thus the electron leakage is
suppressed more. At the same time, the hole barrier in Sample
B is reduced by 82.3 meV compared with Sample A, so the hole
injection becomes easier. Ultimately, the increased electron and
hole concentrations in MQWs of Sample B can be explained.

To further verify the origin of improved performance of
the device, the distance between IP and SP is increased to
be 20 nm. At that point IP is no longer in the EBL, but at
the interface between EBL and p-Aly 5 Gag 5N, and this structure
is denoted as Sample C. Fig. 5 shows the calculation results of
Sample C. At 120 mA, the voltage and LOP of Sample C is
9.58V and 29.77mW, respectively. Compared with Sample A,
the improvement of Sample C is lower than that of Sample B.
Similarly, we plot the energy band diagram of Sample C, and
the ®.c and ®y,c are 309.9 meV and 245.2 meV, respectively.
Compared with Sample A, the ®, increases by 16.8 meV, and
the @}, decreases by 25.8 meV. The @ is lower than @, while
the ®y,¢ is higher than ®y,5, thus the performance improvement
of Sample C is inferior than that of Sample B. This can further
prove that LOP is improved as a result of the increased electron
barrier and the decreased hole barrier.

To further investigate how the polarity inversion induces
reduction of the bias voltage, the valence bands of the three
samples without bias voltage are plotted, as shown in Fig. 6.
It is believed that the hole barriers in the p-type region
influence the bias voltage of device. The height of hole barrier
between the EBL and p-Alg 5Gag 5N is defined as Ahl, and
that between the p-Alg 5Gag 5N and p-GaN is defined as Ah2.
The values of Ahl and Ah2 of the three samples are shown in
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TABLE I
SIMULATED POTENTIAL BARRIER OF HOLES FOR THREE SAMPLES

Sample Holes BarrierAhl Holes BarrierAh2
Sample A 590.8 meV 765.8 meV
Sample B 223.3 meV 362.0 meV
Sample C 590.6 meV 368.8 meV

Table I. The Ahl of Sample A and C are the same and higher
than the Ahl of Sample B. The Ah2 of Sample B and C are
similar and lower than the Ah2 of Sample A. Compared with
Sample A, Sample B and C have different variations on Ah1 and
the same variation on Ah2, which indicates Ahl has no effect
on the bias voltage, and that the reduction of the bias voltage
is mainly due to the reduced Ah2. The reduced Ah2 is because
of the different polarization charges at the interface between p-
Aly.5Gag 5N and p-GaN. For Sample A, the polarization charges
at the interface between p-Aly.5Gag 5N and p-GaN are positive,
which can deplete the holes, accounting for the high hole barrier.
The hole injection regions of Sample B and C are Ga-polar,
the charges at the interface between p-Aly 5Gag 5N and p-GaN
become negative charges, which enhances hole accumulation
and effectively reduces the hole barrier compared with Sample
A [14].

Furthermore, the two structures are simulated where the dis-
tance between IP and SP are 30 nm and 50 nm, respectively.
The same energy band and output performance as Sample C
are obtained. However, when the distance between IP and SP
exceeds 70 nm, the performance of the device will not be
improved. Therefore, IP should be in the EBL or p-Alg 5Gag 5N.

The structures discussed above have the hole injection layer
with the same doping concentration and the ionization rate.
However, in actual production, the hole concentration in N-polar
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GaN will be reduced due to the effect of oxygen impurity [31].
If the range of background electron concentration generated by
oxygen impurity is about 1 x 10'7 cm™3 [21], [32], the hole
concentration of p-GaN in Sample A should be reduced to 1.5
x 10'7 cm™3. This structure is denoted as Sample D. At the
same time, the hole concentration of p-GaN in the samples with
polarity inversion remains unchanged. Considering the quality
of epitaxial layers in actual production, the structure with SOnm
distance between IP and SP is selected, and this structure is
denoted as Sample E. The simulation results of Sample D and E
are shown in Fig. 7. Relative to Sample D, the LOP of Sample E
increases from 21.34 mW to 29.71 mW, and the applied voltage
reduces from 16.06 V to 9.63 V at 120 mA. As a result, the
WPE of Sample E is boosted by about 132% at 120 mA. It
can be concluded that the efficiency of the DUV LEDs with
polarity inversion will achieve more improvements in practical
applications.

IV. CONCLUSION

In summary, we have investigated the effect of polarity inver-
sion of the hole injection layer on N-polar 274-nm DUV LED.
The electron barrier increases and the hole barrier decreases due
to the polarity inversion. Therefore, the structure with polarity
inversion increases hole injection and decreases electron leakage
compared with the original structure without polarity inversion.
In addition, under the same injection current, the large reduction
in bias voltage results in a significant enhancement of WPE.
Finally, we design an optimized structure which has a suitable
inversion position. At 120 mA, the LOP of the optimized struc-
ture is boosted by 39.2% and the WPE is boosted by 132%
compared with the original structure whose growth direction
is completely along [000-1] direction. Therefore, it is believed
polarity inversion is an effective way to realize DUV LEDs with
excellent performance.
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