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Abstract
Based on an InGaN/GaN light emitting diode (LED) structure, monolithically integrated vertical
driving metal-oxide-semiconductor field-effect transistors (MOSFETs) were designed and
experimentally implemented using a selective area growth (SAG) method. A simple p-GaN/n-
GaN stack was selectively regrown on top of the LED wafer to realize an n/p/n structure for the
vertical MOSFET fabrication. The integrated vertical MOSFET, which can effectively modulate
the injection current through the serially connected LED, exhibited high performance such as an
enhancement-mode (E-mode) operation with a relatively high output current density. However,
on-resistance (RON) degradation was observed in the fabricated vertical MOSFET at a low drain
bias level (VDS <2 V). Through a 2D TCAD simulation, the origin of the high RON was revealed
to be an electron barrier induced by the LED’s p-AlGaN electron blocking layer (EBL). The
simulation results also demonstrated that it can be improved by band engineering of the EBL.

Keywords: GaN, light emitting diode, metal-oxide-semiconductor field-effect transistor,
monolithic integration, band engineering

(Some figures may appear in colour only in the online journal)

1. Introduction

GaN-based light emitting diodes (LEDs) have been exten-
sively developed and utilized for solid-state lighting and
displays by virtue of their high luminous efficacy, extremely
long lifetime, and eco-friendly property compared to the tra-
ditional incandescent bulbs and fluorescent lamps [1–3].
However, dedicated electronic driving circuits, such as AC-
DC power conversion, current source, and dimming control
using pulse-width modulation (PWM) methods, are essential

to a complete LED module. Typically, the commercially
available LED drivers are implemented with discrete com-
ponents and externally connected with LEDs using bonding-
wires. The induced large parasitic elements can lead to a high-
power consumption, low operation speed, and poor reliability
of the LED modules, which has become one of the main
challenges for the application of GaN-based LEDs in visible
light communication (VLC), micro-displays, wearable devi-
ces, and other advanced smart-lighting systems [4–6]. To
circumvent these issues, integrating LEDs with on-chip
driving electronics shows a great promise and has received
remarkable research interest in recent years [7].
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On the other hand, the outstanding material properties of
GaN such as a wide bandgap, large breakdown field, high
electron mobility, and good thermal conductivity have spur-
red extensive research efforts in developing GaN-based
electronic devices for power switching and RF applications
[8, 9]. Currently, both lateral and vertical GaN transistors with
high performance have been demonstrated [10–14]. The
superior characteristics make GaN transistors excellent can-
didates for high-efficiency LED drivers [15]. In addition, GaN
transistors and LEDs share a common material platform and
can be monolithically integrated on a single chip to realize a
compact smart-lighting system. Such integration scheme
brings in many advantages including improved efficiency,
enhanced reliability, reduced form factor and parasitics, and
lower overall cost.

Previously, there have been reports on the monolithic
integration of GaN LEDs with lateral-type depletion-mode
(D-mode) driving transistors such as AlGaN/GaN high
electron mobility transistors (HEMTs) [16–18] and lateral
metal-oxide-semiconductor field-effect transistors (MOS-
FETs) [19]. However, D-mode operation is not preferred in
the driving circuits when considering the system complexity,
power consumption, and reliability issues. Integrating GaN
vertical MOSFETs on an LED chip could be an alternative
approach [20, 21]. Firstly, the GaN vertical MOSFETs are
E-mode devices. Secondly, the vertical MOSFETs and LEDs
share similar junction based vertical structures and are more
suitable for integration when compared with the lateral ones.

Previously, we successfully demonstrated the concept of
monolithically integrating GaN vertical driving MOSFET on
LED using a selective area growth (SAG) technique [21]. In
this paper, we firstly present the design considerations for
such integration. An n/p/n structure for the vertical MOS-
FET was formed by selectively regrowing a p-GaN/n-GaN
stack on top of an InGaN/GaN LED wafer. The thickness of
the regrown p-GaN layer was optimized by using a 2D TCAD
simulation prior fabrication, in order to prevent ‘punch-
through’ of the n/p/n structure in the vertical MOSFET. The
fabricated vertical MOSFET exhibited good performance
except for a high on-resistance (RON) at a low drain bias level
(VDS <2 V). The mechanisms underlying the RON degrada-
tion phenomenon was then systemically analyzed by simu-
lation. In order to mitigate the RON degradation in the
integrated vertical MOSFETs, a double-side graded (DG) Al
composition in LED’s p-AlGaN electron blocking layer
(EBL) was proposed.

2. Device structure design

Figure 1 schematically shows the structural design of the
monolithically integrated vertical driving MOSFET on LED.
Region-① is a typical InGaN/GaN LED, which consists of,
from bottom to top, an n-type GaN layer, In0.16Ga0.84N/GaN
multiple quantum wells (MQWs), a p-type Al0.15Ga0.85N
EBL, and a p-type GaN layer. Region-② shows the designed
vertical MOSFET connected in series with the LED via the
bottom n-GaN layer. The electrode in between, namely

cathode/D, is shared by the LED and vertical MOSFET,
serving as the cathode and drain electrodes, respectively. The
detailed epilayer parameters of the (a) LED and (b) designed
vertical MOSFET are shown in figure 2.

In order to form an n/p/n structure for the vertical
MOSFET, a p-GaN/n-GaN stack rather than an n-GaN single
layer was designed to be grown on the LED epi structure,
since the original 130 nm-thick p-GaN layer in a LED is not
thick enough and can be easily depleted in the formed n/p/n
structure due to the heavily doped n-GaN layer on its both
sides. Simulation in the Silvaco ATLAS was carried out to
give guidance on the thickness of the regrown p-GaN layer.
Source/n/p/n/drain structures with different regrown p-GaN
thicknesses, as shown in figure 3(a), were constructed in the
simulation to check their voltage blocking capability.

The 2D drift-diffusion model, Fermi statistics, and
Shockley–Read–Hall carrier recombination model were
applied in the simulation. The parallel electric field dependent
mobility model with an electron saturation velocity of
1.4×1017 cm s−1 and a low-field electron mobility of n-GaN
drift layer of 300 cm2 V−1·s−1 was also included. Source
and drain are both Ohmic contacts. As the MQWs are rela-
tively thin and have little influence on the current conduction
through the n/p/n structure, they are not considered in the
simulation for simplicity. The thicknesses of the total p-GaN

Figure 1. Schematic cross section of the monolithically integrated
vertical driving MOSFET on LED.

Figure 2. The (a) LED epi structure and (b) n/p/n structure for the
integrated vertical MOSFET.
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layers (Tp-GaN) were set to 130, 200, 300, 400, 500, and 600
nm, corresponding to the regrown p-GaN thicknesses of 0,
70, 170, 270, 370, and 470 nm, respectively.

The simulated conduction band diagrams across the n/p/
n structures with different Tp-GaN and at various drain bias
(VDS) are plotted in figure 3(b). ‘Punch-through’ phenomenon
happens when the p-type region within the n/p/n structure is
fully depleted. As shown in figure 3(b), the 130-nm p-GaN
becomes almost ‘punch-through’ even at VDS =0 V, which is
depleted by the build-in electric field of the two pn junctions,
proving the necessity of thickening the p-GaN layer. On the
other hand, a very thick p-GaN layer in the n/p/n structure
will bring in high channel resistance, restricting the driving
capability of the vertical MOSFET. Considering that the turn-
on voltage of a typical LED is relatively low (∼3 V), a VDS up
to 10 V can satisfy most of the operation conditions for an
LED driver. According to the simulated I-V curves in
figure 4(a), two n/p/n structures were fabricated by
regrowing p-GaN/n-GaN stacks on LED wafers to simulate
the integration process, with Tp-GaN of 300 nm and 500 nm.
Figure 4(b) shows the measured I-V curves of the fabricated
n/p/n structures. The deviation of the voltage blocking
capabilities between the simulated and experimental results
might be due to the yet-to-be-perfect GaN crystalline quality
and the influence of the regrowth interface. Finally, a Tp-GaN
of 500 nm was chosen as an optimized design in our inte-
gration strategy, being able to provide a voltage blocking
capability of over 10 V for the integrated vertical MOSFET.

3. Device fabrication and characterization

3.1. Device fabrication

The device fabrication in this work started with an InGaN/
GaN LED wafer grown on a 2-inch patterned sapphire sub-
strate. First, a 200 nm SiO2 regrowth hard mask was depos-
ited on the LED wafer by plasma enhanced chemical vapor
deposition (PECVD) and patterned using a buffered oxide
etchant (BOE), as shown in figure 5(a). Then, the selective
regrowth of a p-GaN/n-GaN stack on the wafer was per-
formed in an Aixtron 2400HT metal organic chemical vapor
deposition (MOCVD) system, as shown in figure 5(b). The
p-GaN activation process was conducted in situ in the
MOCVD chamber. As designed, the thicknesses of the
regrown p- and n-GaN layers were 370 nm and 200 nm,
respectively. The Mg doping concentration and hole con-
centration in p-GaN are 3×1019 cm−3 and 2×1017 cm−3,
respectively. After removal of the regrowth mask by BOE, the
gate trenches of the vertical MOSFETs and device isolation
for both the LEDs and MOSFETs were etched simultaneously
using a two-step dry/wet etching process combining a
Cl2-based inductively coupled plasma (ICP) etch and a
TMAH solution etch (figure 5(c)), where the wet etch can
help smoothing the etched GaN sidewall surface and
improving the channel electron mobility of the vertical
MOSFETs. A 30-nm thick Al2O3 film was then blanket
deposited by atomic layer deposition (ALD) on the sample
(figure 5(d)), serving as the both the gate dielectric of the
MOSFETs and the passivation for the devices. After remov-
ing the Al2O3 passivation in the LED region, a thin Ni/Au
(3/3 nm) metal stack was deposited by e-beam evaporation
followed by a rapid thermal annealing (RTA) in an atmo-
spheric ambient at 570 °C for 5 min, to form the LEDs’
transparent current spreading layer (figure 5(e)). Finally, two
steps of metallization were carried out, including the MOS-
FETs’ source/gate/drain electrodes and LEDs’ cathode/
anode electrodes (figure 5(f)). The MOSFETs’ gate metal was
Ni. Figure 6 shows the layout and scanning electron micro-
scopy (SEM) image of the integrated VMOSFET. The device
is circular in shape, with a diameter of 30 μm. The connection
between the LED and vertical driving MOSFET was realized
through the highly conductive bottom n-GaN layer.

Figure 3. (a) Vertical n/p/n structure constructed in the Silvaco ATLAS for p-GaN thickness optimization. (b) Simulated conduction band
diagrams for the n/p/n structures with different p-GaN thicknesses and at various VDS. (The dash-dotted line represents Fermi level.)

Figure 4. The (a) simulated and (b) experimental I-V curves of the
n/p/n structures with different Tp-GaN.
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3.2. Device characterization

Figure 7 shows the on-testing integrated device emitting blue
light, whose brightness can be modulated by adjusting the
gate bias of the vertical MOSFET. The insets show the
equivalent circuit diagram and SEM images of the fabricated
devices.

The measured transfer curve of the individual vertical
MOSFET is plotted in figure 8(a). The vertical MOSFET is
E-mode with a threshold voltage (Vth) of +1.8 V and the off-
state current density (Ioff) at VGS =0 V is as low as
4×10−2 A cm−2. Figure 8(b) shows the measured output
curves of the individual vertical MOSFET and integrated
device. The maximum output current density of the vertical
MOSFET exceeds 1.4 kA cm−2 at VDS =8 V and VGS =9 V.
However, a RON degradation was observed for the fabricated
device at a low drain bias level (VDS <2 V). The high RON,
which will lead to a high-power consumption and low effi-
ciency of the driver, has to be eliminated.

Figure 5. Schematics of the fabrication process steps for the monolithically integrated vertical driving MOSFET on LED.

Figure 6. Layout and SEM image of the integrated vertical MOSFET on LED.

Figure 7. The on-testing integrated device emits blue light. The
insets show the equivalent circuit diagram and SEM images of the
fabricated devices.
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4. EBL influence and band engineering

4.1. Mechanisms of RON degradation

Firstly, the suspicion that poor Ohmic contact results in a high
RON can be ruled out in this work. The source and drain
Ohmic contacts in the device were formed using a Cr/Al/Ti/
Au metal stack deposited on the highly doped n-GaN layers
and very small contact resistance could be easily achieved
even without annealing.

When comparing to the conventional GaN vertical
MOSFETs in [13, 14], the integrated device in this study
consists of an extra p-Al0.15Ga0.85N EBL. In order to inves-
tigate the influence of the EBL on the performance of the
integrated vertical MOSFET, devices with and without the
p-Al0.15Ga0.85N EBL (in figure 9) were simulated and com-
pared in the Silvaco ATLAS. The bandgap energies and band
offset of the AlxGa1−xN ternary alloys in the simulation
referred to [22] and are listed in table 1. The thickness and
dopants concentration for each layer are kept the same with
the experiments.

The simulated output curves of the vertical MOSFETs
with and without the p-Al0.15Ga0.85N EBL are plotted in
figure 10. It can be clearly seen that the RON degradation
phenomenon, similar to the experimental result, occurred on
the device with the EBL, while the device without an EBL

showed typical output curves. Therefore, the p-Al0.15Ga0.85N
EBL has been proved to be the culprit of the high RON in the
integrated vertical MOSFET.

To help explaining the underlying mechanisms, a sketch
map showing the electrons’ flowing directions in both the
LED and integrated vertical MOSFET is drawn in figure 11.
A p-Al0.15Ga0.85N EBL is always intentionally adopted in
LEDs to form an electron barrier and block electrons from
flowing out of MQWs active region, and consequently
increasing the LEDs’ radiative recombination rate and light
output power (LOP) [23], as shown in process-① in the inset
of figure 11. However, an unwanted electron barrier also
existed at the p-GaN/p-Al0.15Ga0.85N interface in the inte-
grated vertical MOSFET, resulting in serious RON degradation

Figure 8. (a) Measured transfer (a) and output (b) curves of the
fabricated devices.

Figure 9. Schematic cross-section of the simulated half-cell vertical
MOSFET with and without the p-AlGaN EBL.

Figure 10. Simulated output curves of the vertical MOSFETs with
and without the p-AlGaN EBL.

Table 1. The physical parameters used in the simulation.

Parameter Value

GaN Band Gap 3.4 eV
AlxGa1−xN band gap 6.13x+3.42(1−x) −x(1−x) eV
Band offset D = ´ -( )E E E0.7C g

AlGaN
g
GaN

Gate metal work function 5.1 eV
Al2O3 dielectric constant 9.3
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of the device, as illustrated in process-②. Figure 12 plots the
simulated conduction band diagrams of the vertical MOSFET
across the p-GaN/p-Al0.15Ga0.85N interface with different
VDS and at VGS =10 V. An electron barrier located at the
p-GaN/p-Al0.15Ga0.85N interface can be clearly observed.
With the increase of VDS, the electron barrier height is
reduced. As shown in figures 8 and 10, the turning points in
the output curves of the fabricated and simulated vertical
MOSFETs are both located at VDS ≈2 V, suggesting that an
extra drain bias of ∼2 V is needed to overcome the EBL-
induced electron barrier in the integrated devices.

4.2. Band engineering of EBL

The RON degradation problem in the integrated vertical
MSOFETs can be resolved through band engineering of the
EBL, since it results from the electron barrier induced by the
uniform p-Al0.15Ga0.85N EBL currently used in the LEDs.

A novel p-AlxGa1−xN EBL with a double-side graded Al
composition was proposed for the integrated devices, as
schematically shown in figure 13. To maintain an effective

electron barrier for the LEDs, the peak Al composition was
set to 0.3 [24] for the DG EBL and the thickness was
increased from 15 nm to 25 nm.

A vertical MOSFET with the proposed DG p-AlxGa1−xN
EBL was constructed and simulated in the Silvaco ATLAS,
and compared to the devices with the uniform
p-Al0.15Ga0.85N EBL and without an EBL. Figure 14 plots the
simulated conduction band diagrams for the two devices with
different EBLs at various VGS (from 0 to 10 V) and VDS

=0 V.
As can easily be seen, the barrier height for the device

with a uniform EBL remained relatively high even when the
channel was fully turned on at VGS =10 V, which is mainly
due to the abrupt conduction band offset at the
p-GaN/p-Al0.15Ga0.85N interface. On the contrary, the barrier
height in the device with a DG EBL lowered markedly with
the increase of VGS and became much easier for electrons to
surmount. Figure 15 compares the simulated output curves for
the three vertical MOSFETs with the DG EBL, with uniform
EBL, and without an EBL. The RON degradation phenomenon
was successfully eliminated by applying the proposed DG
EBL in the device.

The performance of an LED with the proposed DG
p-AlxGa1−xN EBL was also investigated by simulation and
compared with that using the conventional uniform
p-Al0.15Ga0.85N EBL. The structural parameters used in the
simulation were consistent with those shown in figure 2(a)
except for the two different EBLs. Commonly accepted
physical models including the spontaneous and piezoelectric
polarization models, Auger recombination model with a
coefficient of 2×10−30 cm6 s−1, and radiative recombina-
tion model with a coefficient of 10−11 cm3 s−1 were employed
in the simulation, as suggested in [24, 25]. Figure 16 com-
pares the simulated LOP and internal quantum efficiency
(IQE) characteristics between the two LEDs with different
EBLs as a function of the injection current. It can be found
that the proposed DG EBL, instead of degrading the LED’s
performance, increases its LOP and IQE at a high injection
current level. Comparing to the uniform EBL, the DG EBL
can reduce the hole barrier on valence band at the EBL/
MQWs interface and increase the hole injection efficiency of
an LED [24, 26–28]. Consequently, the LOP and IQE of the

Figure 11. Sketch map shows the flowing directions of electrons in
the (process-①) LED and (process-②) integrated vertical MOSFET.
Inset illustrates the influence of the p-Al0.15Ga0.85N EBL on the
electrons flowing.

Figure 12. Simulated conduction band diagrams of the vertical
MOSFET with the p-Al0.15Ga0.85N EBL at different VDS. (The dash-
dotted line represents Fermi level.).

Figure 13. Proposed p-AlxGa1−xN EBL with a double-side graded Al
composition.
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LED can be improved, especially at a high injection current
level [24, 26].

5. Conclusion

In summary, monolithically integrated vertical driving
MOSFETs were designed and fabricated based on an InGaN/
GaN LED epi structure and using a SAG method. Prior to
device fabrication, simulation in the Silvaco ATLAS was
performed to optimize the regrown p-GaN thickness for the
formation of a proper n/p/n structure for the vertical MOS-
FET. The fabricated E-mode vertical MOSFET exhibited a

relatively high output current density of exceeding
1.4 kA cm−2. However, RON degradation phenomenon was
observed for the device at a low VDS level (below 2 V). An
electron barrier that induced by the uniform p-Al0.15Ga0.85N
EBL buried within the integrated vertical MOSFET turned
out to be the culprit of the high RON. A novel DG
p-AlxGa1−xN EBL was proposed for the integrated devices
and proven highly effective in mitigating the RON degradation
by simulation. Meanwhile, a relatively high LOP and IQE
could be maintained for the LEDs using the proposed
DG EBL.
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