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The low p-type doping efficiency of the p-GaN layer has severely limited the performance of

InGaN/GaN light-emitting diodes (LEDs) due to the ineffective hole injection into the InGaN/GaN

multiple quantum well (MQW) active region. The essence of improving the hole injection

efficiency is to increase the hole concentration in the p-GaN layer. Therefore, in this work, we have

proposed a hole modulator and studied it both theoretically and experimentally. In the hole modula-

tor, the holes in a remote p-type doped layer are depleted by the built-in electric field and stored in

the p-GaN layer. By this means, the overall hole concentration in the p-GaN layer can be enhanced.

Furthermore, the hole modulator is adopted in the InGaN/GaN LEDs, which reduces the effective

valance band barrier height for the p-type electron blocking layer from �332 meV to �294 meV

at 80 A/cm2 and demonstrates an improved optical performance, thanks to the increased hole

concentration in the p-GaN layer and thus the improved hole injection into the MQWs. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4908118]

As the most important candidate in the lighting commu-

nity, GaN-based light-emitting diodes (LEDs) have been

world-widely regarded as one of the effective avenues to

save energy and combat the global warming.1,2 Though

significant efforts have been made to maximize the device

performance, it is well known that it is a great challenge to

achieve excellent p-GaN material suitable for high-

performance LEDs. On one hand, the p-GaN material fea-

tures a low hole mobility and the low hole mobility, in turn,

reflects a less kinetic energy of holes, which leads to the low

hole injection efficiency into the InGaN/GaN multiple quan-

tum wells (MQWs).3 Thus, various proposals have been

reported in improving the hole transport within the InGaN/

GaN MQWs and enhancing the device efficiency including

properly thinning the quantum barriers4 and quantum wells,5

using Mg-doped quantum barriers,6,7 adopting tunnel-

junction cascaded active region,8 as well as applying the

InGaN quantum barriers.9 On the other hand, the InGaN/

GaN LEDs are also impacted by the very low p-type doping

efficiency. Although the p-type doping efficiency can be

improved by either the thermal rapid annealing10 or the low-

energy electron beam irradiation (LEEBI),11 the hole con-

centration in the Mg doped p-GaN layer is still much less

competitive than the electron concentration in the Si-doped

n-GaN layer. In this regard, several remedies in increasing the

p-type doping efficiency have been demonstrated and proven

to be effective in improving the hole concentration to certain

extent. One promising approach to increase the hole concen-

tration in the p-GaN layer is to adopt the three-dimensional

hole gas (3DHG),12,13 well known as the polarization doping.

Meanwhile, a superlattice-type p-AlGaN/GaN electron block-

ing layer (EBL) also shows excellent polarization doping

effect in increasing the hole concentration.14 It has been

numerically demonstrated that, by p-type doping the last

quantum barrier, the performance of the InGaN/GaN LEDs

can be significantly improved.7,15 However, the physical

mechanism of the improvement is not clearly identified, and

the experimental confirmation is needed. In this work, we pro-

pose a hole modulator model to explain the physical mecha-

nism of the p-type doped last quantum barrier on the

improvement of the InGaN/GaN LED performance. We find

that the hole modulator is effective to enhance the hole con-

centration in the p-GaN layer through depleting the remote

p-type last quantum barrier region and storing the holes in the

p-GaN layer. The effectiveness of the hole modulator in

increasing the hole concentration of the p-GaN layer is proven

through the capacitance-voltage (C-V) measurement, while

the improved device performance is evidenced by measuring

the optical output power density and the external quantum ef-

ficiency (EQE) for the LED with the proposed design.

Two InGaN/GaN LEDs (LED A and LED B) were grown

by a metal-organic chemical vapor deposition (MOCVD) sys-

tem. The epi-growth was initiated on the c-plane sapphire sub-

strates. We first grew a 20 nm thick GaN buffer layer

followed by a 4 lm thick unintentionally doped n-type GaN

(u-GaN) layer. Then, the Si-doped n-type GaN (n-GaN) layer

was grown on the u-GaN template, with the thickness and the

doping concentration of 2 lm and 5� 1018 cm�3, respectively.

Next, we grew six-pair In0.15Ga0.85N/GaN MQWs, of which

the quantum well and quantum barrier thickness is 3 nm and

12 nm, respectively. For LED A, all the quantum barriers are

u-GaN layers, while the quantum barriers for LED B are also

u-GaN layers except the last quantum barrier that is adjacent
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alumni.org
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to the 25 nm thick p-type Al0.20Ga0.80N EBL. The last quan-

tum barrier for LED B is half-doped by Mg dopants, i.e.,

u-GaN (6 nm)/p-GaN (6 nm) along the c-orientation, and the

Mg/Ga molar ratio for the Mg doped region in the last quan-

tum barrier is about 0.95� 10�2. The molar ratio of Mg/[Al

þ Ga] for the p-type Al0.20Ga0.80N EBL is �2.08� 10�2. We

then grew the p-GaN layer for both LEDs A and B acting as

the hole injection layer, and the thickness of the p-GaN layer

is set to�110 nm during the epi-growth. The Mg/Ga molar ra-

tio for the p-GaN layer is set to �1.83� 10�2. We finally

cover the p-GaN layer with a �20 nm thick heavily Mg doped

GaN (pþ-GaN) working as the ohmic contact layer. The molar

ratio between Mg and Ga precursors is set to �5.49� 10�2.

The in-situ thermal annealing (600 s at 720 �C) in the N2 am-

bient was also conducted for the grown LED samples to acti-

vate the Mg dopants in the p-type layers.

The numerical computations for the aforementioned

LEDs were performed by APSYS simulation package with

physical models and parameters properly set by users.16

Important parameters such as the energy band offset ratio of

the InGaN/GaN MQWs, the energy band offset ratio of the

GaN/AlGaN heterojunction, Auger recombination coefficient,

and Shockley-Read-Hall (SRH) recombination coefficient can

be found in our previously published works.3,4,6,9,13,16,17 Here,

it is worth mentioning that the polarization effect is consid-

ered in our models. We set a 40% polarization level, such that

60% of the theoretical polarization charges are released due to

the strain relaxation by generating dislocations when com-

pared to the semiconductor epi-layers with perfect crystal

quality.18 Other parameters on nitrogen-contained compound

semiconductors can be found elsewhere.19

In order to understand the process of hole injection from

the p-GaN layer to the InGaN quantum wells, we first

numerically reproduce the energy band diagram for the LED

with the u-GaN as the quantum barriers (Fig. 1) when the de-

vice is forward biased at 80 A/cm2. Clearly we can see that,

when the holes arrive at the interface between the p-type

EBL and the last quantum barrier, the holes initially possess

a high potential energy. Then, the holes will experience a

potential energy decrease when travelling in the last quantum

barrier before finally entering the last quantum well.

Obviously, the last quantum barrier has little blocking effect

on the hole injection. On the other hand, DU is �273 meV

for LED A and �271 meV for LED B at 80 A/cm2, respec-

tively, and thus, such a small DU variance of �2 meV is less

likely to cause the different hole injection efficiency.

However, the hole injection efficiency is strongly affected by

the DUh, which represents the effective valance band barrier

height for the p-EBL. Our calculations illustrate that DUh is

�332 meV for LED A and �294 meV for LED B at 80 A/cm2.

Nevertheless, it is not straightforward to envision how p-type

doping the last quantum barrier affects the valance band bar-

rier height for the p-EBL and helps to increase the hole injec-

tion in the previous reports.7,15 The explanation on the origin

of the enhanced hole injection into the InGaN/GaN MQW

and the improved device performance by the p-type doped

last quantum barrier is lacking at present.

By an in-depth analysis, we found that the origin of the

enhanced hole injection for the InGaN/GaN LED with the

p-type doped last quantum barrier can be interpreted by the

concept of the hole modulator, as schematically shown in

Fig. 2(a), in which the holes provided by the p-type doped

last quantum barrier are depleted by the built-in electric field

and then finally stored in the p-GaN layer. As a result, the

overall hole concentration in the p-GaN layer will be signifi-

cantly increased. When the device is biased [see Fig. 2(b)],

the enhanced hole concentration in the p-GaN layer is very

helpful to reduce the effective valance band barrier height of

the p-EBL and promote the hole injection into the InGaN/

GaN MQW active region.17

In order to precisely probe the effectiveness of the hole

modulator in increasing the hole concentration of the p-GaN

layer, we numerically calculate the energy bands and the

hole profiles for LEDs A and B at the equilibrium state

[Fig. 3(a)]. The energy bands show that the depletion regions

for both LED devices at the equilibrium state mostly lie in

the last quantum barrier and the p-type EBL regions, and this

is due to the big contrast of the doping concentrations for the

n-GaN and p-GaN layers. The last quantum barrier is par-

tially doped by Mg dopants for LED B, and the holes sup-

plied by the last quantum barrier are also depleted. These

holes are stored in the p-GaN layer, which are also calculated

and illustrated in Fig. 3(a). We can see that the holes in the

vicinity of the p-type EBL for LED B are distributed in a 2D

FIG. 1. Energy band diagram for a typical InGaN/GaN MQWs, p-EBL, and

p-GaN at 80 A/cm2.

FIG. 2. Schematic energy band diagrams for InGaN/GaN MQWs, p-EBL,

and p-GaN: (a) Under no bias, the last quantum barrier is partially p-type

doped (indicated in the shadow region). Holes are generated by the remotely

p-type doped last quantum barrier. Holes are then depleted by the built-in

electric field and finally stored in the p-GaN layer, (b) under bias, the holes

will be then injected into the MQWs. Ec, Ev, Ef, Efe, and Efh denote the con-

duction band, valance band, Fermi level, quasi-Fermi levels for electrons,

and holes, respectively.
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manner, which is due to the polarization induced negative

charges at the interface of the p-type EBL and the p-GaN

layer.13 Nevertheless, the hole concentration in the p-GaN

layer for LED B is significantly increased compared to that

for LED A.

Besides the numerical investigations, we also experimen-

tally characterize the hole profiles within the p-GaN layers for

LEDs A and B, respectively, by the capacitance-voltage

(C-V) measurement. The C-V measurement system used in

this work is an 802B MDC three-function mercury probe,

which is operated at an AC frequency of 100 kHz. The capaci-

tance value for the tested sample is recorded by the circular

mercury probe, the area of which is 4.582� 10�3 cm�2.

Details on measuring the carrier concentration by the C-V

method can be found elsewhere.13,20 Fig. 3(b) shows the

measured hole concentration profiles in the p-GaN layers for

LEDs A and B, respectively. We can see that the hole concen-

tration in the spatial range between 0.05 lm and 0.12 lm

for both LEDs A and B is around 4� 1017 cm�3. However,

the hole concentration is higher than 4� 1017cm�3 when the

layer position is smaller than 0.05 lm, and this is due to the

Mg diffusion into the p-GaN layer from the pþ-GaN layer,

which therefore increases the Mg doping concentration. It is

interesting to see an much higher hole concentration for LED

B than that for LED A at the layer position of 0.13 lm (the

interface of the p-GaN layer and the p-type EBL) in Fig. 3(b),

where the hole concentration for LED B is �2� 1018 cm�3.

Compared to LED A, the increased hole concentration at the

layer position of 0.13 lm for LED B is contributed by the par-

tially p-type doped last quantum barrier in LED B. The par-

tially p-type doped last barrier for LED B is depleted by the

built-in electric field, and the holes are then stored in the p-

GaN layer. Additionally, being consistent with the numerical

hole distribution for LED B in Fig. 3(a), the 2D manner of the

hole profile at the interface of the p-GaN layer and the p-type

EBL is also experimentally observed in Fig. 3(b), and this is

due to the carrier realignment by the polarization induced neg-

ative charges at the interface of the p-GaN layer and the p-

type EBL.13 An increased hole concentration in the p-GaN

layer for LED B can then remarkably improve the hole injec-

tion efficiency.17

It is noted that, although the numerically calculated hole

profiles agree well with the experimentally measured hole

profiles [refer to Figs. 3(a) and 3(b)], we still can see the

slight discrepancies in absolute values of hole concentration

between Figs. 3(a) and 3(b), such as the hole concentration

at the interface of the p-GaN layer and the p-type EBL. The

discrepancy is, on one hand, caused by the difficulty in pre-

cisely probing the ionization ratio of the Mg dopants in the

p-type epi-layers. In addition, the Mg diffusion is strongly

affected by the epi-growth conditions, and these parameters

in our simulation models cannot be accurately set. On the

other hand, the polarization level is also hard to be precisely

modeled due to the dependence on the growth conditions.

However, the slight discrepancies will not change the con-

clusion of this work.

To further support that the hole modulator is helpful in

increasing the hole injection into the InGaN/GaN MQWs,

we calculate the hole concentration profiles in the p-EBL/

p-GaN interface [Fig. 4(a)] and across the active regions

[Fig. 4(b)] for LEDs A and B at 80 A/cm2. Fig. 4(a) shows a

higher hole concentration at the p-EBL/p-GaN interface for

LED B than for LED A, and this is consistent with results of

Figs. 3(a) and 3(b). The increased hole concentration of the

p-GaN layer, according to the report by Ref. 17, well

explains the reduced DUh in Fig. 1 for holes,17 which is

�332 meV for LED A and �294 meV for LED B at 80 A/cm2.

In addition, Fig. 4(b) indicates a much higher hole concentra-

tion in the quantum wells for LED B compared to LED A.

The increased hole concentration in the quantum wells is

ascribed to the enhanced hole injection promoted by the

increased hole concentration in the p-GaN layer for LED B.

The increased hole concentration in the active regions is also

helpful to reduce the electron leakage level, which is further

calculated and illustrated in Fig. 4(c). Hence, the increased

hole concentration and the reduced electron leakage in the

quantum wells lead to the improved quantum efficiency for

LED B, which is reflected by the enhanced radiative recom-

bination rate, as shown in Fig. 4(d).

To further experimentally confirm the effectiveness of

the proposed hole modulator in improving the device per-

formance, the electroluminescence (EL) spectra for LEDs A

and B are measured and collected by an integrating sphere

attached to an Ocean Optics spectrometer (QE65000). The

size of the tested LED dies is 1� 1 mm2 with indium bump

used as the ohmic contact.

The EL spectra at the current density of 20, 30, 40, 50,

and 60 A/cm2 for LEDs A and B are presented in Fig. 5(a).

The peak emission wavelength for LED A is �454 nm, while

it is �450 nm for LED B. The wavelength variation of the

two LED samples is caused by the fluctuation for different

growth runs. Fig. 5(a) also shows that the EL intensity for

FIG. 3. (a) Calculated energy bands and hole profiles at the equilibrium state

and (b) experimentally measured hole profiles within the p-GaN layer for

LEDs A and B, respectively. Inset in (b) presents the hole profiles in semi-

log scale.
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LED B is stronger than that for LED A at all current density

levels. As a result, the tested EL spectra at different current

density levels allow the plotting of the optical output power

density and the external quantum efficiency in terms of the

injected current density for LEDs A and B. The correspond-

ing results are shown in Fig. 5(b), from which we can see an

enhanced optical output power density and external quantum

efficiency from LED B compared to LED A. For example, at

the current density of 80 A/cm2, the optical output power

density for LED B is increased by 25.59%. The increased

performance originates from the enhanced hole concentra-

tion in the p-GaN layer for LED B [refer to Figs. 3(a) and

3(b)]. The enhanced hole concentration in the p-GaN layer

leads to an improved hole injection into the InGaN/GaN

MQWs for LED B.

In conclusion, we have proposed the concept of hole

modulator, by which the holes generated in a remote p-type

layer (e.g., the p-type doped last quantum barrier in this

work) are depleted by the built-in electric field and the holes

are finally stored in the p-GaN layer. Therefore, the hole con-

centration of the p-GaN layer can be remarkably increased,

and the effective valance band barrier height for the p-EBL

is correspondingly reduced from �332 meV to �294 meV at

80 A/cm2, which, in turn, facilitates the hole injection into

the MQW active region. In addition, we have also experi-

mentally shown the increased hole concentration in the

p-GaN layer by the capacitance-voltage measurement. The

experimentally measured hole profiles are consistent with

the numerically computed results, and this strongly supports

the effectiveness the hole modulator in increasing hole con-

centration of the p-GaN layer. As a result, we have obtained

the enhanced optical output power density and the external

quantum efficiency in the LED sample with the hole modula-

tor incorporated (e.g., the p-type doped last quantum barrier

in this work). The p-type doped last quantum barrier is prom-

ising, and the concept of hole modulator is also very helpful

in further understanding the device physics for achieving

high-efficiency optoelectronic devices.

This work was supported by the National Research

Foundation of Singapore under Grant Nos. NRF-CRP-6-

2010-2, NRF-CRP11-2012-01, and NRF-RF-2009-09, and

the Singapore Agency for Science, Technology and

Research (A*STAR) SERC under Grant No. 112 120 2009.

FIG. 4. Computed hole concentration

profiles (a) at the interface of the

p-EBL and p-GaN layer and (b) within

the InGaN/GaN MQW region for LEDs

A and B at 80 A/cm2, respectively. (c)

Computed electron profiles and (d) radi-

ative recombination rates in the InGaN/

GaN MQW region for the same devices

under the same conditions.

FIG. 5. Experimentally measured (a) EL spectra at 20, 30, 40, 50, and 60 A/cm2,

solid lines and dashed lines are for LED A and LED B, respectively, and (b)

optical output power density and external quantum efficiency for LEDs A

and B, respectively.
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