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Abstract — This letter reports the monolithic integration
of GaN-based driving vertical metal–oxide–semiconductor
field-effect transistor (VMOSFET) on light-emitting
diode (LED) with high output current density and brightness. By selectively regrowing a simple p- and n-GaN
bilayer on top of an LED wafer, the VMOSFET was realized
with an n/p/n structure and intrinsically connected with the
LED through the bottom conductive n-GaN layer. During
the fabrication, a tetramethylammonium hydride wet etch
technique was employed to smoothen the sidewall channel
surface of the VMOSFET and to enhance its channel
electron mobility, consequently achieving a high output
current density exceeding 1.4 kA/cm2 . The integrated
VMOSFET-LED exhibited a high light output power of
8.5 mW or 9.4 W/cm2 with a modulated injection current
of 10 mA through the VMOSFET, showing a great potential
of such integration scheme for a variety of smart-lighting
applications.
Index Terms — Enhancement-mode, GaN, light-emitting
diode, monolithic integration, vertical metal-oxidesemiconductor field effect transistor.

I. I NTRODUCTION
IGHT emitting diode (LED) technologies for lighting and
displays generally require dedicated electronic driving
circuits, such as AC-DC power conversion, current source,
and dimming control using pulse-width modulation (PWM)
methods [1], [2]. The traditional LED drivers are typically
implemented with discrete components and bulky in size.
The parasitic elements due to bonding-wires may lead to a
high power consumption and low efficiency of the drivers.
Moreover, the failure of an LED system is usually caused
by its peripheral components and packaging rather than the
LED device itself. Integration of LEDs with on-chip driving
electronics is promising in circumventing these issues and has
received remarkable research interest in recent years [3].
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III-nitride materials provide a common platform for integrating light emitters and their driving electronics, such as
GaN blue LEDs and field effect transistors (FETs) [4],
[5]. Compared with conventional silicon devices, GaN FETs
are essentially good candidates for LED drivers due to
their superior properties such as large breakdown voltage,
high operation speed, low power loss, and high temperature endurance [6]–[9]. By integrating GaN-based LEDs and
driving transistors on the same substrate, a compact smartlighting system can be realized and benefit a range of applications such as solid-state lighting, micro-displays and visible
light communications (VLCs) [10]–[13].
Previously, monolithic integration of GaN-based LEDs
with lateral-type depletion-mode (D-mode) transistors, such
as AlGaN/GaN high electron mobility transistor (HEMT)
[10]–[12] and metal-oxide-semiconductor field effect transistor (MOSFET) [13], has been demonstrated using either
selective epitaxial growth (SEG) or selective epitaxial
removal (SER) methods. We recently proposed an alternative
integration approach: integrate enhancement-mode (E-mode)
vertical MOSFET on a standard LED structure [14]. Firstly,
E-mode devices can improve the reliability of the LED system by simplifying the driving circuits with a single-polarity
voltage supply. Secondly, VMOSFETs share similar junctionbased vertical structures with LEDs and are more suitable
for integration than the lateral ones [14]–[16]. However, the
unoptimized GaN crystalline quality and unwanted dry etching
damage existed at the channel sidewall masked the advantages
of the proposed integration scheme.
In this letter, we demonstrate the monolithic integration
of LED with driving VMOSFET using a high-quality GaN
LED epi-wafer grown on a patterned sapphire substrate (pss)
and developing a tetramethylammonium hydride (TMAH) wet
etch technique to remove damage from the etched sidewall
channel surface of the VMOSFET. The integrated VMOSFETLED device exhibited greatly improved brightness and output
current density.
II. E XPERIMENT
The GaN LED epi-wafer used in this study were grown on a
2-inch pss. The epilayers consisted of an un-doped GaN buffer
layer, a Si-doped n-type GaN layer, InGaN/GaN multiple
quantum wells (MQWs), and an Mg-doped p-type GaN layer.
Fig. 1 schematically shows the main steps in fabricating the
monolithically integrated VMOSFET-LED device. To start
with, a 200 nm SiO2 was deposited on the LED wafer by
plasma enhanced chemical vapor deposition (PECVD) and
then patterned using a buffered oxide etchant (BOE), serving
as the regrowth mask. Afterwards, a p- and n-GaN bilayer
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Fig. 1.
Schematics of the main steps in fabricating monolithically
integrated VMOSFET-LED device: (a) selectively regrow a p- and n-GaN
bilayer on LED; (b) gate trenches and device isolation etching; (c) fully
processed device.
Fig. 3. (a) I-V and (b) LOP characteristics of the integrated LED. The
inset shows the LED’s reverse leakage current.

Fig. 2. AFM images of the LED epi-wafer before (a) and after (b) GaN
bilayer regrowth.

was selectively grown on the exposed region to form an
n/p/n structure for the VMOSFETs [Fig. 1(a)]. Trimethylgallium (TMGa) and ammonia (NH3 ) were used as precursors for
Ga and N, respectively. The p-GaN layer was 370 nm thick
with an Mg dopant concentration of around 3×1019 cm−3 ,
while the 200 nm n-GaN layer had a two-step doping profile
(Si doping level: ∼1×1019 cm−3 for the first 180 nm and up
to 5×1019 cm−3 for the remaining 20 nm). Fig. 2 compares
the atomic force microscopy (AFM) images of the LED
epi-wafer (a) before and (b) after regrowth with a scanned
area of 5×5 μm2 . Small dots with a very high density
appeared on the as-grown LED surface, which could help to
enhance the LED’s light extraction efficiency. Attributed to
the alleviated growth temperature of the upmost n-GaN layer,
the root mean square (RMS) roughness was reduced from
1.3 nm to 0.5 nm after regrowth and well-aligned step flow
patterns were observed.
After completely removing the SiO2 regrowth mask by
BOE, the gate trenches of the VMOSFETs and device isolation
for both the LEDs and VMOSFETs were etched simultane-

ously using a Cl2 -based inductively coupled plasma (ICP)
etch [Fig. 1(b)]. Following that, the sample was immersed
into a 25% TMAH solution at 75 °C for 60 minutes. The
TMAH wet etch was found effective in removing damage from
the dry-etched GaN sidewall [17]. To activate the regrown
p-GaN layer, a rapid thermal annealing (RTA) was performed
at 800 °C for 1 minute in a N2 ambient. The nominal hole
concentration was around 2×1017 cm−3 . A 30 nm Al2 O3
gate dielectric for the VMOSFETs was then blanket deposited
on the sample surface by atomic layer deposition (ALD),
while the Al2 O3 in the LED region was removed by BOE.
Subsequently, a Ni/Au current spreading layer for LEDs
was deposited by e-beam evaporation followed by a RTA
in an atmospheric ambient at 570 °C for 5 minutes. After
opening the contact holes by BOE, a multi-layer metal stack
Cr/Al/Ti/Au was evaporated to form both the n-electrodes for
the LEDs and the source Ohmic contacts for the VMOSFETs.
Finally, the Ni/Au gate metal of the VMOSFETs was
deposited. Fig. 1 (c) depicts the cross-sectional schematic
of a complete integrated VMOSFET-LED device. The LED
and VMOSFET were serially connected through the highly
conductive n-GaN layer, with no need of extra metal interconnections. As discussed previously [14], [18], the elimination
of metal interconnection helped to reduce related parasitic
components. The n-electrode between the integrated LED and
VMOSFET was reserved for separately characterizing the two
devices, as illustrated by the equivalent circuit diagram in the
inset of Fig. 1(c).
III. R ESULTS AND D ISCUSSION
Fig. 3(a) shows the I-V curve of the integrated LED measured between p and n electrodes. The forward voltage (VF )
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Fig. 4. Output characteristics of the integrated VMOSFET-LED device.
The inset shows the SEM image of the circular-shaped VMOSFET.

of the 300 μm × 300 μm LED was 3.72 V at an injection
current of 20 mA. As shown in the inset of Fig. 3(a), the
leakage current of the LED was below 10−2 mA at a reverse
bias of −10 V. Fig. 3(b) plots the light output power (LOP)
and external quantum efficiency (EQE) versus the injection
current of the LED. The device exhibited a relatively high LOP
of 16 mW at an injection current of 20 mA, corresponding to
an EQE of 23.5%. The peak EQE of ∼33% was observed at
a relatively small injection current density of ∼600 mA/cm2 .
The dramatic improvement in LED brightness compared to the
previously reported integration schemes was mainly attributed
to the better crystalline quality of LED epi-wafer grown on
pss than those grown on planar sapphire substrates.
The output characteristic of the integrated VMOSFETLED device is plotted in Fig. 4. It can be seen that the
injected current through the VMOSFET-LED device can
be well controlled by the gate and drain supply voltages
(VG S and V D S ) of the VMOSFET. The inset shows
the scanning electron microscopy (SEM) image of the
circular-shaped VMOSFET, who has a diameter of 30 μm.
The VMOSFET was E-mode with a threshold voltage of
+1.8 V. The I-V curve of the integrated device showed a turnon voltage of around 3 V, which resulted from the serially
connected LED. The maximum output current density was
measured to be 1.4 kA/cm2 at V D S = 11 V and VG S = 9 V,
leading to a low specific on-resistance (Ron ) of 4.1 m·cm2.
Compared to the device without TMAH treatment [14], the
output current density in this study was increased by over one
order of magnitude, demonstrating that the TMAH wet etch
technique was very effective in smoothing the sidewall channel
surface of the VMOSFET and enhancing its channel electron
mobility. Further improvement of the output current density
can be achieved by optimizing the VMOSFET layout, such as
using polygonal cells to increase the channel density [15].
Fig. 5 shows the electroluminescence (EL) spectra of
the integrated VMOSFET-LED with a fixed V D S of
10 V but various VG S . The device emitted blue light
(λ ≈ 440 nm) with the intensity modulated by gate biasing.
Fig. 6 presents the modulation in emission brightness of the
integrated VMOSFET-LED by both VG S and V D S though the
injection current from the driving transistor. In such integration, current-controlled LED has been converted to voltage
control mode, which is much simpler to work with. No light
emission could be observed when the E-mode VMOSFET
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Fig. 5. EL spectra of the VMOSFET-LED modulated by gate biasing at
VDS = 10 V. The inset shows the circuit configuration of the integrated
device.

Fig. 6. Gate modulated LOP and I–V characteristics of the integrated
VMOSFET-LED device at different drain biases.

was pinched off at VG S < 1.8 V. While VG S = 9 V and
V D S = 10 V, the integrated device exhibited a high LOP
of 8.5 mW or 9.4 W/cm2 with a low injection current of
10 mA through the VMOSFET. To our knowledge, this is
the best performance ever reported for monolithic integration
of GaN LEDs with driving transistors [19]. Nevertheless, the
high V D S of the integrated VMOSFET-LED lead to a high
power consumption. The drive voltage can be reduced by
increasing the VMOSFET’s device size to improve its drive
capability.
IV. C ONCLUSION
In conclusion, a monolithically integrated VMOSFET-LED
device with enhanced output current density and brightness
has been developed using a GaN LED epi-wafer grown on pss.
The TMAH wet etch technique was proven highly effective in
improving the channel electron mobility of the VMOSFET.
The superior device performance in this study successfully
demonstrated the viability of the proposed integration scheme.
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