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Abstract: The influence of quantum-well (QW) number on electroluminescence properties was
investigated and compared with that of AIN electron blocking layer (EBL) for deep ultraviolet
light-emitting diodes (DUV-LEDs). By increasing the QW number, the band emission around 265 nm
increased and the parasitic peak around 304 nm was suppressed. From the theoretical calculation,
the electron current overflowing to the p-type layer was decreased as the QW number increased under
the same injection. Correspondingly, the light output power also increased. The increment of output
power from 5 QWs to 10 QWs was less than that from 10 QWs to 40 QWs, which was very different
from what has been reported for blue and near-UV LEDs. The parasitic peak was still observed even
when the QW number increased to 40. However, it can be suppressed efficiently by 1 nm AIN EBL for
LEDs with 5 QWs. The simulation showed that the insertion of a thin EBL increased the barrier height
for electron overflow and the electron current in p-type layers decreased significantly. The results
contributed to the understanding of behavior of electron overflow in DUV-LEDs.

Keywords: deep ultraviolet light-emitting diodes; AlGaN; electroluminescence; electron overflow;
electron blocking layer

1. Introduction

GaN and AIN alloys have attracted more and more attention as candidate materials for realizing
ultraviolet (UV) optoelectronics [1-5]. As potential substitutes for the traditional mercury UV light
source, AlGaN-based deep UV light-emitting diodes (DUV-LEDs) have attracted more and more
attention due to their potential applications in many fields, such as solid-state lighting, medicine,
and biochemistry. In the past few decades, the significant research efforts into the development of
II-nitride UV LEDs have resulted in LED operation over a wide range of UV wavelengths from
210 nm to 400 nm. Recently, Li et al. summarized the recent advances in UV materials and devices
and gave guidance to further development and applications [1]. Nevertheless, the external quantum
efficiency (EQE) of such a device decreased significantly as the wavelength decreased. Particularly
when the wavelength was less than 300 nm, the EQE and output power were far lower than those of
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their visible counterparts. There are several factors responsible for the lower EQE and power, such as
the lack of high-quality AIN substrate or an AlGaN template with low threading dislocation density,
the difficulty in obtaining high conductivity in p-type layers [6-8], and the excessive self-heating
effect of these devices under direct current operation [2,3]. In addition, the large spontaneous and
piezoelectric fields in group III nitrides will result in the tilted band structure diagrams of multiple
quantum wells (MQWs) [9,10] and reduce overlap of electron and hole wave functions, which will
decrease the internal quantum efficiency of DUV-LEDs. Due to the lack of high-quality AIN substrate,
a high-quality AIN template on sapphire is usually used for DUV-LEDs. It is well known that the
weak surface migration of Al adatoms on the growth front limited the improvement of crystal quality.
Therefore, many growth techniques have been developed for high quality AIN growth [11-15]. It has
been demonstrated that high temperature annealing could significantly improve the AIN crystal
quality [11]. By increasing the growth temperature, high-quality AIN thick films were obtained by
homemade high temperature hydride vapor phase epitaxy [12]. Sun et al. revealed the mechanism of
different initial conditions on the quality of AIN and got high quality AIN on sapphire substrate by a
“two-step” method [13]. In addition, nano-patterned sapphire and AIN/sapphire templates were used
for high-quality AIN growth [14,15]. As the crystal quality increased, the efficiency can be increased
effectively [16]. Besides the increase in crystal quality, the use of core-shell-type AlGaN/AIN MQWs
on AIN nanorods can also significantly increase the photoluminescent efficiency due to the decrease
in dislocation density, the large active volume and the increase of light extraction efficiency [17].
In addition to the above-mentioned factors, electron overflow also exists in these devices. The electron
overflow not only decreases the EQE and forward-voltage characteristics [18,19], but also results in a
sub-band parasitic peak [20,21]. Therefore, the suppression of electron overflow is absolutely favorable
for the optical property of the devices. Generally, an electron blocking layer (EBL) between the active
region and the p-type layers was used to suppress the electron overflow. There are seldom works to
study the effect of quantum well (QW) number on the electron overflow in DUV-LEDs. It has been
reported that with the increase in InGaN QW number from 5 to 7, the external quantum efficiency
(EQE) was increased by 30.4% [22]. However, when the QW number increased to more than 15,
the photoluminescence intensity of InGaN/GaN MQWs decreased significantly due to the relaxation
of an accumulated strain through the dislocations induced by an increase in the total thickness of the
MQWs [23]. In this work, we found that the electron overflow was partly suppressed and the relative
output power continued to increase as the QW number increased up to 40.

2. Experiment

The LEDs were grown by metal-organic chemical vapor deposition on (0001)-sapphire substrate
using a 1.0 um AIN buffer layer followed by a 0.5 um thick undoped AlpsGag4N and a 1.0 pm thick
n-AlysGag4N template. Then, Aly49Gags51N/Alys5GagasN MQWs were grown as active regions.
The thicknesses of wells and barriers measured by transmission electron microscopy are 2.8 nm
and 5.9 nm, respectively. p-Alg3Gag7N (25 nm)/AlyGag4N (25 nm) were used as p-type layers.
Finally, a 25 nm p-GaN contact layer was deposited. Based on the above structure, four samples
were grown, and the different characteristics are listed in Table 1. LEDs A, B and C have 5, 10 and
40 period MQWs, respectively. LED D has a similar structure to LED A, except that it has a 1 nm
thick i-AIN interlayer between the active region and the p-type layers. A 500 pm x 500 um square
geometry p—n junction device was fabricated using standard lithographic techniques to define the
feature and reactive ion etching (RIE) was used to expose the n-AlysGap4N Ohmic contact layer.
n-type Ohmic contacts of Ti/Al/Ni/Au (15 nm/80 nm/12 nm/60 nm) were deposited by electron
beam evaporation and annealed with a rapid thermal annealing system at 900 °C for 30 s in nitrogen
ambience. For transparent p-contacts, Ni/Au (6 nm/12 nm) layers were electron beam deposited
and annealed in air ambience at 600 °C for 3 min. The device was completed with the deposition of
a Ni/Au (5 nm/60 nm) p contact. Figure la—p shows the flow chart of the device process in order,
in which Figure 1a,e,i,m show the spinning coating, Figure 1b,fjn show the lithographic process,
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Figure 1c shows the RIE; Figure 1d,h,1,p show the glue cleaning; and Figure 1g,k,0 show the electron
beam evaporation of metals. The electroluminescent (EL) spectrum was measured at room temperature
using a HORIBA Jobin Yvon’s Symphony UV-enhanced liquid nitrogen-cooled charge-coupled device
detector. Agilent 4156 C was used as the current source.

Table 1. The quantum-well (QW) numbers and electron blocking layer (EBL) structures for all the deep
UV light-emitting diodes (DUV-LEDs) used in this work.

LEDs EBL QW Number
A no 5
B no 10
C no 40
D 1 nm AIN 5
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p-GaN 25nm) ||

p-GaN (25 nm)

p-Al, 5Gag ;N (25 nm) ||

p-Aly3Ga,,N (25 nm) ||

p-Aly:Gag ;N (25 nm)

p-Aly ¢Gag 4N (25 nm)
MQWs

p-Aly 6Gay 4N (25 nm) "

p-Aly 6Gag 4N (25 nm)

p-GaN (25 nm) p-GaN (25 nm) p-GaN (25 nm) p-GaN (25 nm)
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p-Aly sGay 4N (25 nm) p-Aly Gag 4N (25 nm) p-Aly Gay 4N (25 nm) p-Aly Gay 4N (25 nm)
MQWs MQWs MQWs MQWs
n-Aly Gay 4N (1pm) n-Aly Gay 4N (1pm) n-Aly ¢Ga, N (1pm) n-Aly sGag N (1pm)
Al G 4N (0.5 pm) Al 6Gag N (0.5 pm) Al Gag 4N (0.5 pm) Al Gag N (0.5 pm)
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Figure 1. The flow chart of the device process. (a,e,i,m) show the spinning coating. (b,f,j,n) show the
lithographic process. (c) shows the RIE. (d,h,1,p) show the glue cleaning. (g k,0) show the electron
beam evaporation of metals.



Appl. Sci. 2018, 8, 2402 40f9

3. Experimental Results

Figure 2a shows the EL spectra for LEDs A, B and C under direct current of 40 mA, in which
all the spectra were normalized to the band-to-band emission. The slightly different wavelengths of
band-to-band emissions between LED A and the other devices was probably due to the flux deviation
during the growth of quantum wells. A parasitic peak around 304 nm besides the band-to-band
emission can be observed for all the LEDs. The parasitic peak has been clarified to be related to the
electron overflow and Mg doping concentration in the p-AlGaN cladding layer [20]. As the QW
number increased, the intensity of the parasitic peak decreased, which meant the electron overflow
decreased. Figure 2b shows the intensity ratio of the band-to-band emissions to the parasitic peaks for
all devices at different direct current injections. The ratio increased as the current increased, indicating
more and more carriers were involved in the band-to-band radiative recombination. For the same
injection current, the ratio increased as the QW number increased, which meant that the ratio of carrier
recombination inside and outside the wells was increased.
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Figure 2. (a) The electroluminescent (EL) spectra for LEDs A, B, C and D under direct current of 40 mA;
(b) the intensity ratio of the band-to-band emissions to the parasitic peaks for LEDs A, B and C at
different current. All the spectra were normalized to the band-to-band emission.

The relative output powers at different injections were obtained from the EL measurement. To
avoid the influence of the thermal heating effect [3], the pulse injection with 1 ps current pulse at
0.5% was used in the EL measurements. Figure 3 shows the pulse injection dependent relative output
power for all three devices. Obviously, the relative output power increased as the current increased.
For a certain injection, the relative output power increased as the QW number increased, which
indicated that the carriers captured by quantum wells increased with the increase in QW number.
The increment of relative output power from 5 QWs to 10 QWs was less than that from 10 QWs to
40 QWs. For example, the output power ratios of LED B to LED A and LED C to LED B were 1.6 and
3.0, respectively, at injection of 100 mA. This phenomenon was very different from what has been
reported for blue and near-UV LEDs [24], in which the carriers were exhausted mostly in the first ten
QWs. The results indicated that the increase of QW number was favorable for the optical properties.

The influence of the EBL with different structures on the EL properties of DUV-LEDs has been
investigated by many groups [25-28]. Generally, we used 1 nm i-AIN as an EBL to suppress the
electron overflow [20]. For comparison in this work, DUV-LEDs with a 1 nm AIN EBL was grown
for five period QWs, named LED D. The EL spectrum and the relative output power were shown
in Figures 2a and 3, respectively. Obviously, the suppression efficiency of electron overflow in LED
D was better than in LED A. Furthermore, LED D showed advanced property compared to LED C.
Correspondingly, the relative output power was increased significantly for LED D.
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Figure 3. The pulse current dependent relative output power for LEDs A, B, C and D.

4. Simulation and Discussion

To understand the experimental results, an Advanced Physical Model of Semiconductor Devices
(APSYS) simulation program was used to simulate the electron current distributions and the band
structures. In order to get the change rule and avoid the complication of simulation, 3 QWs, 5 QWs, 10
QWs and 15 QWs, and a 1 nm Al 9pGagogN EBL were chosen. Tables 2 and 3 list the electron and hole
concentrations and the thicknesses for different layers used in the simulation, respectively. Figure 4
shows the electron current distribution under an injection current of 120 mA. It can be seen that the
electron current overflowing to p-type layers decreased as the QW number increased. More and more
carriers were exhausted in the active region as the QW number increased, which was believed to result
in the decrease of the parasitic peak intensity as shown in Figure 2 and the increase of output power as
shown in Figure 3. The localized state due to the fluctuation of the In composition is generally referred
to be the dominant emission mechanism in InGaN QWs. Nevertheless, the radiative recombination
from QWs was the dominant emission mechanism in AlGalN QWs. The increase in QW number will
result in the increase of radiative recombination centers for both cases. However, the total thickness of
the epilayer increased as the QW number increased, which would lead to the strain relaxation. It was
well known that the localized states (due to the fluctuation of In composition in InGaN QWs) mainly
resulted from the strain state. Therefore, the relaxation of strain influenced the optical properties of
InGaN QWs. However, in AIGaN QWs, the strain state only has influence on the polarization field
and the relaxation of the strain (mainly the tensile strain) can decrease the field, which contributes to
the improvement of emission from AlGaN QWs. Therefore, in this work, as the QW number increased
to 40, the EL intensity still continued to increase.

Table 2. The electron and hole concentrations used in the simulation.

Layers Electron Concentration(cm—3) Hole Concentration (cm—3)
p-GaN 5 x 1018
p-Alg3GagyN 5 x 1017
p—Alg.éGa0_4N 5 x 1017
n-Alj ¢Gag 4N 5 x 1018

However, for the same QW number, the LED with a 1 nm Al ¢,Gag gsN EBL showed a far lower
electron current overflow than those without EBL. To understand the phenomenon, the band structures
for both LEDs were simulated. Figure 5a,b shows the band structures of LEDs with and without a
1 nm Al 9pGaggN EBL under an injection current of 120 mA, respectively. The barrier height for
electron overflow in the LED without EBL was 0.255 eV. The insertion of the EBL resulted in a higher
barrier height of 0.302 eV, which decreased the electron current overflowing to the p-type layers. It was
believed that the use of AIN as an EBL would increase the barrier height further. The band structures
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of LEDs with 3 QWs, 10 QWs and 15 QWs are shown in Figure 6a—c, respectively. It can be seen that
the barrier heights for electron overflow under the same injection for different numbers of QWs were
almost the same, which indicated that the decrease of electron overflow with increasing QW number
was just due to the increase in volume of the active region.

Table 3. The thicknesses for different layers used in the simulation.

Layers Thickness (nm)

p-GaN 25
p-AlO'gcaoyN 25
p—AlO,6Ga0‘4N 25
i-Alp 92Gag 0sN 1

Well 3

Barrier 5

n-A10,6GaQV4N 1000
-60
p-AlGaN

|-— SQWs—-H

5 QWs with 1nm Al _Ga, N EBL

-80 15 QWs

-100

Electron current (mA)

120 " I " 1 " 1 " 1 "
0.00 0.04 0.08 0.12 0.16 0.20

Distance (mm)

Figure 4. The electron current distribution under an injection current of 120 mA for LEDs with 3 QWs,
5 QWs, 10 QWs and 15 QWs and the 5 QW LED with a 1 nm Alg 92GagggN EBL. The labels at the top of
the graph refer to the different layers in the LED with 5 QWs and a 1 nm Al 9pGag gsN EBL.
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Figure 5. The band structures of LEDs (a) with and (b) without a 1 nm Al 9pGagogN EBL under an
injection current of 120 mA.
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Figure 6. The band structures of LEDs with (a) 3 QWs; (b) 10 QWs and (c) 15 QWs without an EBL
under an injection current of 120 mA.

5. Conclusions

We studied the effect of QW number on EL properties in AlGaN-based DUV-LEDs. An increase in
QW number could decrease the electron current overflow, which resulted in the improvement of band
emission around 265 nm and a decrease in the parasitic peak around 304 nm. As a result, the light
output power was increased. However, the increment of output power from 5 QWs to 10 QWs was
less than that from 10 QWs to 40 QWs, which was very different from what has been reported for blue
and near-UV LEDs. From the comparison of LEDs with and without a 1 nm AIN EBL for the same QW
numbers, we could conclude that the efficiency of the EBL was better than that of the QW-number
increase for suppressing the electron current overflow. The simulation showed that the use of a thin
EBL increased the barrier height for electron overflow and significantly decreased the electron current
in p-type layers.
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