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In this work, we report how the Mg doping in the barriers affects the
electrical performance of InGaN/GaN-based light-emitting diodes. When
compared with the reference device that does not have Mg doped
quantum barriers, the turn-on voltage for the proposed device is reduced
and the electrical thermal stability is improved. The superior electrical
performance is analyzed through the temperature dependent current-
voltage and capacitance-voltage characteristics. Meanwhile a reduced
depletion length and increased acceptor concentration are achieved in
the control devices which is consistent with the simulated results.

During the last few decades, due to many advantages such as long
lifetime, durable quality and high efficiency, InGaN/GaN-based light-
emitting diodes (LEDs) have achieved widespread applications in many
aspects, such as general lighting, LCD backlights and automobile lighting
[1]. However, plenty of research in this field was focused on their optical
properties in the last few years, and the investigation on electrical
properties is not conducted carefully [2,3]. As one of the most important
parameters, worse electrical property can directly leads more heat, which
will induce the degradation of LED performance and the decreasing of
the wall-plug efficiency simultaneously [4]. Besides, studies on the
electrical properties can help to uncover the inherent physics of LED
devices [2,5]. For example, the capacitance-voltage (C-V) characteristics
can be used to reveal the depletion region widths at various biases [6].
Beside, tt has been reported that Mg doping in the quantum barriers is
promising to improve the LED external quantum efficiency effectively
[7]. However, the impact about how the Mg doping in the quantum
barriers affects the electrical property is not fully studied yet.

In this work, we compare the electrical characteristics of InGaN/GaN-
based LEDs for the sample with Mg doping in the barriers and the
reference without Mg doping the quantum barriers. The mechanism for
the reduced turn-on voltage and improved thermal stability is studied
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and analyzed through capacitance-voltage characteristics and self-
consistent simulation.

The LED epi-layers were grown on c-plane sapphire substrates by
metal-organic chemical vapor deposition (MOCVD) system, with sche-
matic diagrams as illustrated in Fig. 1. For LED A, the growth was initiated
on a 30 nm-thick GaN nucleation layer [8]. Then, a 2 μm-thick
un-intentionally doped GaNwas grown as the buffer layer, which was then
followed by a 4 μm-thick n-doped GaN layer with a doping concentration
of 5� 1018 cm�3. Four pairs of In0.15Ga0.85N/GaN quantum wells were
grown then and the thicknesses of quantum barriers and quantum wells
were 12 nm and 3 nm, respectively. Finally, a p-type electron blocking
layer (EBL) of 20 nm-thick Al0.15Ga0.85N was grown and it was then cap-
ped by a 200 nm-thick p-type GaN with a doping concentration of
3� 1017 cm�3. After the growth, LED A was annealed at the temperature
of 700 �C in N2 ambient to activate p-type dopants. LED B is the proposed
sample with Mg doping in the quantum barriers, the growth of which was
the same as LED A except that the middle 6 nm region in each quantum
barriers was doped by Mg dopants with a doping concentration of
3� 1017 cm�3. The structure for selectively Mg doping in each quantum
barrier was to suppress the Mg diffusion into quantum wells. After
epitaxial growth, both LED A and LED Bwere fabricated into standard LED
chips. Ni (5 nm)/Au (5 nm) layer was deposited and annealedfirstly which
acted as the current spreading layer. Then, the mesa area with the size of
1mm� 1mm was obtained by inductively coupled plasma (ICP) etching,
and Ti/Ag/Ti/Au was deposited as electrodes for both n and p contacts.
The current-voltage characteristic was measured by the SC-200-mm
prober station, and the temperature was controlled by the hot plate with
the values ranging from 25 OC to 150 OC. The capacitance-voltage char-
acteristic was also measured by the SC-200-mm prober station, with the
AC signal voltage of 20mV and frequency of 1MHz.
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Fig. 1. Schematic diagrams for studied LED structures, in which LED A is the reference and LED B is the sample with Mg doping in the quantum barriers.
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Furthermore, in order to reveal the physical insights, we also per-
formed numerical simulations by APSYS software, which self-
consistently solves the Poisson equation, continuity equation and
Schr€odinger's equation with proper boundary conditions. In our simu-
lation, the Auger recombination coefficient is taken to be 1� 10�30

cm6s�1 [9] and the SRH lifetimes for both electron and hole are 43 ns
[9,10]. The polarization charge is set as 40% of theoretical value due
to crystal relaxation [11]. The other parameters can be found in
reference [11].

Fig. 2 (a) shows the experimental I-V characteristics for both devices
measured under different temperatures. Here, we choose the current of
20mA as the reference for electrical analysis. The forward voltage at
room temperature for LED A is 3.37 V and for LED B is 2.95 V, which
means the voltage is decreased by 0.42 V for LED B. For the temperature
dependent I-V curve, temperatures are chosen as 25 �C, 50 �C, 75 �C,
Fig. 2. I-V characteristics under temperatures from

Fig. 3. (a) Capacitance-Voltage characteristics, and (b) simulate
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100 �C, and 150 �C. The forward voltages for LED A at different tem-
peratures are 3.37, 3.26, 3.15, 3.04 and 2.86 V respectively, while the
values for LED B are 2.95, 2.88, 2.82, 2.76 and 2.63 V respectively. The
decreasing values of the forward voltages are 0.11, 0.11, 0.11 and 0.18 V
with increasing temperature for LED A, while those of LED B are 0.07,
0.06, 0.06 and 0.13 V respectively. Thus, we can conclude the thermal
stability of electrical property is better for LED B than that for LED A. The
reduced forward-voltage and improved thermal stability for LED A will
be explained as follows.

Fig. 3(a) shows the capacitance-voltage characteristics for both
samples at room temperature. At zero bias voltage, the capacitance of the
LEDs is mainly composed of the junction capacitance, which can be
expressed as

C ¼ εA=L; (1)
25 �C to 150 �C for (a) LED A and (b) LED B.

d I-V characteristics for both samples at room temperature.



Fig. 4. Measured forward voltage at different injection currents vs hot plate temperature, for (a) LED A and (b) LED B, with the dashed lines as linear fit for all the experimental data.

Fig. 5. Measured Current Density at low Forward Voltage.
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in which ε represents the permittivity with the value of 8.5 ε0, A is the
area of the junction with the value of 1� 1mm2, and L is the length of
the depletion region [6]. From the experimental data based on Fig. 3(a),
the junction capacitance is 0.94 nF for LED A, and 2.98 nF for LED B.
Then we can calculate the depletion length based on equation (a), which
is 76.5 nm for LED A and 23.7 nm for LED B. In the simulation, the
voltage was set at 0.1 V which could be compared with zero bias. The
depletion length was extracted from the calculated capacitance at 1MHz
and value is 76 nm for LED A and 33 nm for LED B. The trend for the
change of the depletion length is consistent with the experimental re-
sults. From Fig. 3(a), we can also see that the capacitance starts to
decrease when the voltage reaches a value and even become negative
when the forward voltage is large enough. The decrease of capacitance is
caused by the carriers' recombination in the quantum wells [12], and the
voltages at peak capacitances for both samples are 2.65 V and 2.26 V,
respectively. The difference between the carriers' recombination onset
voltages for the two samples is similar to the difference between the
forward voltages at 20mA, which is a direct evidence for the reduced
forward voltage. Since the doping concentration in n-GaN is much
higher than that in p-GaN, the LED can be treated as a model of donor
and acceptor doping with concentration ND on the nþ-side and NA on the
p-side, respectively. The acceptor concentration, NA, can be calculated
by the following equation [13],

NA ¼ � 2
εeA2

�
d
�

1
C2

��
dV

��1

; if ND≫NA; (2)

fromwhich, the acceptor doping concentration is 1.75� 1022 m-3 for LED
A, and 1.22� 1023 m-3 for LED B. When ND≫NA, the equation for the
diffusion voltage can be expressed as equation (3) [14],

VD ¼ W2
D

2ε
NA; (3)

in which VD is the diffusion voltage,WD is the depletion length and NA is
the acceptor concentration. Both of the depletion length and the acceptor
concentration can be calculated from the C-V curve. After we substitute
both values into equation (3), the following relation can be achieved,
while the subscript 1 and 2 denote LED A and LED B.

VD1 > VD2; (4)

Fig. 3(b) shows the simulated I-V characteristics for both samples at
room temperature, fromwhich we can see that the forward voltage is also
smaller for the proposed Mg doped sample, just as the shown experi-
mental results.

Fig. 4 depicts the forward voltage vs temperature under different
injection currents. The dashed lines are linear fit for all the experimental
31
results. According to reference [15], a linear relationship between the
junction temperature and forward voltage is found, while

dVf

dT
� k

T
ln
�
NDNA

NCNV

�
� αTðT þ 2βÞ

eðT þ βÞ2 � 3k
e
; (5)

in which k is the Boltzmann constant, T is the temperature, α; β are
constants, NC;Nv are effective density of states, and ND;NA are donor and
acceptor concentrations. NC ;Nv are determined by the temperature [16].
Equation (5) is a lower limit for the magnitude of dVf =dT, because the
junction voltage is less than the built-in voltage in all practical cases [16].
According to the donor-acceptor model mentioned previously, they have
the same donor concentration and the acceptor concentration is larger in
the Mg doped sample. The value of dVf =dT should be larger in LED B.
From Fig. 4 (a) and Fig. 4 (b), the temperature coefficients of the forward
voltages at low current are �4.17mV/K and �2.72mV/K, which is
consistent with the analysis.

Besides the electrical property under normal operation, the current
density before turn-on voltage is also measured. As shown in Fig. 5, the
current density is larger in the sample with Mg doped barriers, which
means the carriers is easier to pass the junction. However, this property
may cause more current leakage and its property is slightly deteriorated.

In conclusion, InGaN/GaN-based LEDs with Mg doped barriers have
been prepared and the improved electrical performance was realized and
investigated. Temperature dependent I-V characteristics and C-V
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characteristic were analyzed and decreased depletion length was
observed in the proposed sample. A donor-acceptor model was proposed
and increased acceptor concentration was achieved. Based on the above
analysis, our results offer meaningful physical insights on the mechanism
how the Mg doped barrier affects the electrical performance of InGaN/
GaN-based LEDs.

This work was supported by the National Research Foundation of
Singapore under Grant No. NRF-CRP-6-2010-2.
Appendix A. Supplementary data

Supplementary data related to this article can be found at https://doi.
org/10.1016/j.physe.2017.12.025.
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