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Abstract: AlGaN-based deep ultraviolet light-emitting diodes (DUV LEDs) suffer from se-
vere quantum confined Stark effect (QCSE) due to the strong polarization field in the quan-
tum wells (QWs) grown on c-plane substrates. In this paper, we propose a novel DUV LED
structure embedded with graded QWs in which the Al composition was linearly changed
to screen the QCSE. A significant increase of the internal quantum efficiency and thus an
enhancement of the light output power by nearly 67% can be achieved, attributing to the
improvement of the electron-hole wave function overlap (I'e_nn) to 58.6% in the Increased-
Al-composition graded QWs, as compared to the QW without grading (I'e_nn = 40.4%) and
reverse grading (I'e_nn = 33.6%). Further investigations show that the grading profile of the
Al composition in the QWs, including either linearly increases or decreases along the growth
direction and the thickness of graded QWs, determine the polarization electrical field in the
QWs and as a result, significantly affecting the performance of the devices. In the end, a
careful optimization of the graded QWs is called. The proposed structure with such unique
graded QWs provides us an effective solution to suppress the QCSE effect in the pursuit of
high-performance DUV emitters.

Index Terms: DUV LED, polarization, grading QW, QCSE.

1. Introduction

In recent years, lll-nitride based deep-ultraviolet light-emitting diodes (DUV LEDs) show a wide
range of applications and prospects in the air/water purification, disinfection/sterilization, and
biochemical sensing/treatment [1], [2]. However, AlIGaN-based DUV LEDs still suffer from a series
of challenges. Firstly, the performance of DUV LED is limited by low internal quantum efficiency
(IQE) which is attributed to the high threading dislocation density (TDD) of AlIGaN epilayers [3], [4].
Secondly, because of a higher electron mobility than that of holes’ [5], [6] and the difficulty of p-type
doping compared with the n-type, the hole density is much lower than the electron density in the QWs
[71, leading to a relatively large leakage current and low radiative recombination, especially in the
AlGaN based DUV LED with high Al composition (Al% > 50%) [8]. Lastly, due to the natural existence
of spontaneous polarization and piezoelectric component caused by the strain between AlGaN
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Fig. 1. The cross-sectional schematics and Al composition profiles of Sample A, B, and C with different
Al-composition QW grading schemes.

epilayers with different Al composition, the strong quantum confined Stark effects (QCSE) in
DUV LEDs separate the electron and holes within the QW and thus deteriorate the device
performance [9].

To improve the IQE and eventually the performance of DUV LED, researchers have tentatively
proposed various approaches. To reduce the TDD, several groups adopted patterned sapphire
substrates (PSS) [10] or buffer-layer [11] or grew LEDs on native AIN substrates [12]. To achieve a
uniform carrier distribution in the active region, Tsai et al. [13] employed the structure embedded
with gradually increased quantum barriers (QBs) thicknesses from the n-side to p-side, generating
a relative even distribution of the electrons and holes in the QWs. Arif et al. reported that InGaN
QW with step-function-like improved the radiative recombination and optical gain, leading to the
improvement of photoluminescence intensity and LED output power [14]. Furthermore, Zhang et al.
[15] tried to enhance the hole injection by designing a p-EBL structure with graded Al composi-
tion. Alternatively, to suppress QCSE in the QWs, researchers grew the DUV LEDs along those
nonpolar/semi-polar orientations [16] or introducing Si doping in the QBs to screen the internal po-
larization induced by electric field [17]. However, using the AIN substrates will increase the device
fabrication cost tremendously, and the holes could be blocked if we doped QBs with Si-doping.
Also, the mainstream of DUV LEDs is developed on the c-plane sapphire substrates rather on
nonpolar/semi-polar substrates.

In this work, we propose a simple and unique multiple quantum well (MQW) architecture, in
which the Al composition in the QW was graded from low to high along the growth direction. As a
result, the interface charges at the QB/QW was reduced and the electrical field in QWs was also
suppressed. Moreover, the bulk polarization-induced charges generated in the graded QW could
create a reverse electrical field in the QWs thereby further screening the QCSE.

2. Structures and Parameters

The structures of DUV LEDs involved in this study are schematically shown in Fig. 1. These
structures are composed of a 3-um-thick n-type AlgsGag 4N layer (The Si doping concentration is 5
x 10'® cm~3 and the activation energy of Siis setto 15 meV [18]), followed by the active region which
has five pairs of AlIGaN/AIGaN MQWs, and then capped with the p-type region which consists of a
20-nm-thick p-Aly 7Gag 3N electron blocking layer (EBL) layer with a Mg doping concentration of 3 x
10"° cm~3, a hole injection layer of 100-nm-thick p-Aly ¢Gag 4N with Mg doping concentration of 2 x
10" cm~3, and finally a heavily doped p*-GaN contact layer of 20-nm with Mg doping concentration
of 1 x 1020 cm~3. The Mg activation energy for the p-type Alyp7GagsN, p-type AlpsGag 4N, and p-
type GaN are set to 520, 470 and 170 meV [19], respectively. In the active region, all three samples
comprise four 4-nm-thick AlGaN QWs sandwiched by five 12-nm-thick AlysGag4N QBs. Sample
A is designated as the reference structure which has flat QWs of Alp5GagsN. Sample B has a
Decreased-Al-composition (DAC) linear-grading profile from 0.5 to 0.4 along the c-axis. On the
contrary, Sample C has an Increased-Al-composition (IAC) linear-grading profile from 0.5 to 0.6.
We utilized a commercial software Advanced Physical Models of Semiconductor Devices (AP-
SYS) provided by Crosslight, which can self-consistently solve drift-diffusion equations, Schrédinger
and Poisson’s equations with proper boundary conditions [20]. The Shockley-Read-Hall (SRH) re-
combination lifetime, Auger recombination coefficient and radiative recombination coefficient are
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Fig. 2. Band diagrams for (a) Sample A, (b) Sample B, and (c) Sample C at 150 A/cm?. I's_np, represents
the carrier wave function overlap. The effective barrier height of the p-EBL is also marked.

setto be 15ns, 2.88 x 1073° cm®/s and 2.13 x 10" cm?3/s, respectively [21], [22]. Furthermore, the
band offset ratio of AIGaN alloy is set to 0.67/0.33 for the AIGaN/AlGaN QWs [23]. The interface
charge densities are assumed to be 50% of total charges considering the screening effect of de-
fects [24]. Considering polarization induced charges, we assumed a bulk charges density of —8.0 x
10" cm~2 and +8.9 x 10" ecm=2 in Alys_04Gaos_.06N/AlgsGagsN MQWs for Sample B and in
Alos_06Gao5-.04N/AlgsGag 4N MQWSs for Sample C [25]. The chip size is set to be 300 um x 300
um and some other band structure parameters including effective mass used in the simulation can
be found elsewhere [26], [27]. The hole and electron mobility of AIGaN is based on previous reports
and the alloy mobility model inside APSYS [18], [28].

3. Results and Discussions

The calculated band diagrams as well as the wave functions of electrons and holes for those three
samples are plotted in Fig. 2(a)—(c). The blue line in Fig. 2(a) shows that the energy band edges
of each QW for Sample A have significantly bent. We suspect that the electrons would strongly
accumulate locally near p-side in the QW, while the holes accumulating near n-side in the QW. Such
behavior of electrons and holes accumulating at different sides of QW becomes more problematic for
Sample B. However, for Sample C, the conduction band of QW becomes flatter and both electrons
and holes can be accumulated locally near the n-side in the QW, as a result of the linear change
of the Al composition from 0.5 to 0.6 in QW along the c-axis [29]. Consequently, Sample C has
the highest electron and hole wavefunction overlap value (I'e_nhn) of 58.6%, comparing to Sample A
and B which has only 40.4% and 33.6%. Regarding the effective conduction band potential barrier
height in the p-EBL (®¢), Sample B with DAC grading QWSs shows a higher value (311.5 meV) of &,
than that of both Sample A (306.6 meV) and Sample B (280.6 meV), which means that Sample B
has the strongest electron blocking capability. For the effective valence band potential barrier height
in p-EBL (®1), Sample B shows the smallest value (243.6 meV) than the values of both Sample
A (263.4 meV) and Sample B (283.4 meV), which suggests that Sample B has the highest hole
injection efficiency.

Asiillustrated in Fig. 3(a), the smallest electric field intensity can be observed in the QWs of Sample
C, leading to the biggest value of I'e_pn. This is attributed to the decreased density of piezoelectric
polarization induced charge (APP?) caused by the compressive strain in the QWSs. Besides, the
discontinuity of spontaneous polarization in the interface of the QB/QW also contributes to the
increase of spontaneous polarization induced charge density (AP¥) [30]. The addition of these two
types of polarization induced charge density can be expressed by the formula: AP = APPZ + AP¥,
AP™ represents the total polarization induced charge density that will directly affect the electric
field strength in QW based on the formula: Ey, & I, - AP™/(ly - &y + Iy - €5) [31]. E, is electric field in
QWs, and I, and I, represent the width of QBs and QWs. Therefore, due to the suppressed AP¥® and
APPZ the strength of the electric field decreased obviously in Sample C. Moreover, the positive bulk
polarization charges in Sample C can also be generated owing to the reverse polarization-induced
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Fig. 3. (a) Electric field profile (b) Electron concentration profiles (c) Hole concentration profiles
(d) Radiative recombination rate (Raq) in the QWs of Sample A, B, and C at 150 A/cm?. In order
to present the curves more clearly, the relative position of the peaks was deliberately changed in fig. 3.
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Fig. 4. (a) Light output power and IQE as a function of the injection current levels. (b) EL spectra for
Sample A and Sample B at 150 A/cm?.

electric field in the QW, further weakening the electric field. In other words, Sample C possesses
the smallest electric field intensity in QBs, which can be explained by the equation, E, - |, =E, - I,
[31]. When E,, becomes smaller, the value of E, decreases, leading to a flatter QB in Sample C, as
shown in Fig. 2(c). Fig. 3(b) and (c) exhibit that the average electron and hole concentrations in the
three samples, and we found it decreases from Sample B, Sample A to Sample C. Sample C has
the smallest electron concentration due to the lowest value of @, in the p-EBL. However, it seems
that hole concentration in Sample C is relatively low which can be attributed to the highest value
of @y in the p-EBL. Nevertheless, Sample C still presents the largest value of average radiative
recombination according to Fig. 3(d) because it has the largest value of I'e_pp.

Moreover, the light output power (LOP) and IQE as a function of injection currents for Sample
A, B and C are also investigated, as shown in Fig. 4(a). Sample C has much greater LOP, a
67.04% higher than that of the reference structure (Sample A) because of the enhanced value
of T'e_nn. It suggests that even though the structure of IAC grading QW would slightly reduce the
carrier concentration in the active region, it can greatly improve the overlap of wave function and
thus still enhance the performance of LED. However, Sample B has the highest electron and hole
concentration inside the active region (as shown in Fig. 3(b) and (c)), but its output power did not
reach as high as the Sample C. The reason behind is that the I'c_p, of the Sample B is even lower
than the reference structure because it has very large electrical field inside QWSs. Furthermore,
Sample C has the smallest efficiency droop value of only 7.59%, as compared with Sample A and
C that have efficiency droop of 39.34% and 35.76%, respectively. Fig. 4(b) shows the EL spectra
for the three samples. Sample C has a higher EL intensity than that of Sample A by 74.78%, and
Sample B exhibits relatively poor EL behavior and only has a slightly higher EL intensity by 16.18%
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compared with Sample A. Meanwhile, the peak emission wavelength of Sample C shows a blue
shift of ~5 nm while Sample B has a slight red shift of 6 nm, as a result of compositional grading in
QWs in which the effective bandgap was enlarged/shrunk decrease correspondingly.

To further optimize the IAC grading structure, we also calculated the evolution of LOP and I'e_np
when the Al-composition at the end of the QWs increases from 0.5 to 0.6 while maintaining the
same value of beginning Al-composition (0.5) in the QWSs. As shown in Fig. 5(a), the value of LOP
increases with the ending Al-composition increasing from 0.5 to 0.6 because of the rapid increase
of the T'e_nn. Therefore, considering the balance between carrier concentration and I'e_p, we got
the best structure with the highest LOP value when the Al-composition of each QW increased from
0.5 to 0.6 linearly. A balance between the carrier concentration and I'e_pnn should be taken into
consideration to maximize the LOP and minimize the IQE droop of such LEDs incorporated with
graded QW structure.

In Fig. 5(b), based on the previous results, we varied the QW width of both reference structure with
flat QWs and optimized structure with IAC grading QWs (grading from 0.5 to 0.6). It indicates that
the value of LOP increases with decreasing QW thickness and finally the LOP value of the optimized
LED with 3 nm-lAC grading QWs is more than twice higher than that of the reference sample. It is
because that the values of I'e_pn, in the QWs increase as the thickness of the QW decreased since
the QCSE in the QWs becomes weaker [32]. It is worth noting that the LED with IAC grading QW
still shows relatively better performance than reference Sample when the QW thickness increases
from 3 nm to 5.5 nm, which is critical for fabricating high brightness AlGaN-based DUV LED.
Although this is a theoretical work focusing on the QCSE suppression via graded AlGaN QWs to
enhance the DUV LED performance, we expect that it is straightforward to realize such structures
via conventional metal organic chemical vapor deposition (MOCVD) [33], [34] and molecular beam
epitaxy (MBE) [35]-[37] by precisely controlling the Al/lll molar ratio in monolayer-scale during the
epitaxial process.

4. Conclusion

In this work, we numerically investigated a unique design of an AlGaN QW with grading Al-
composition and its impact on the tunability of the polarization field and the carrier wave-function
overlap, the radiative recombination rate and the optical output power of DUV LEDs. Simulation
results indicated that the DUV LED with the IAC grading has the best optical performance attributing
to IAC grading effectively screen the QCSE in the QWs, leading to a large wave function overlap of
58.6%. Though the carrier concentration in the QWs has slightly decreased, the DUV LED with IAC
grading QWs still has the obvious enhancement of the IQE and LOP. Furthermore, we found that
IAC grading from 0.6 to 0.5 shows the best performance. This approach provides a new feasible
scheme for the future development of efficient DUV LEDs.
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