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Monolithically Integrated p{LEDs/HEMTs Microdisplay
on a Single Chip by a Direct Epitaxial Approach

Yuefei Cai, Chengi Zhu, Wei Zhong, Peng Feng, Sheng Jiang, and Tao Wang*

There is a significantly increasing demand on developing a microLED (LLED)
based microdisplay which may be the only display system that can meet the
requirements for augmented reality/virtual reality systems, helmet mounted
displays, and head-up displays. However, a number of fundamental challenges
which cannot be met by any existing technologies need to be overcome before
such a microdisplay with satisfied performance becomes possible. In this
paper, a different type of integration concept using an epitaxial approach is
proposed, aiming to monolithically integrate ULEDs and high electron mobility
transistors (HEMTs) on a single chip. This concept can be potentially realized
by using a selective epitaxial overgrowth method on a predefined HEMT
template featuring microhole masks. Finally, the proposed epitaxial integration
concept is translated into a prototype, demonstrating an 8 X 8 microLED
microdisplay, where each PLED is electrically driven by an individual HEMT
which surrounds its respective PLED via the gate bias of the HEMT.

1. Introduction

A microdisplay, which is defined as an ultrasmall screen with
<1 in. in diagonal, is the key element for a wide range of next-
generation display systems, such as augmented reality (AR)/
virtual reality (VR) systems, helmet mounted displays (HMD),
and head-up displays (HUD), which are typically used in small
spaces or at close proximity to the eye. As a result, high reso-
lution, high luminance (to achieve sufficient ambient contrast
ratio (ACR)), and a small form factor are required. However,
current liquid crystal on silicon or digital light processor based
projection microdisplay cannot meet these requirements due
to their intrinsic limitations.'3! In contrast, it is expected that
a microdisplay based on Ill-nitride inorganic semiconductor
microLED (WLED) technologies has a great potential to elimi-
nate these limitations.

Compared with an organic LED (OLED), an inorganic
microLED has the potential to provide high luminance without
concerning about reliability and lifetime issues.>* In general,
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[II-nitride LEDs exhibit a few orders of
magnitude higher illuminancel! and
1-2 orders of magnitude higher ACR than
OLEDs.'?l Furthermore, OLEDs have to
be heavily driven using high injection cur-
rent to obtain brightness which has to be
several times higher than that required
due to the utilization of a color filter.’]
Therefore, a microLED microdisplay rep-
resents the best option.12

Basically, a microLED microdisplay
mainly consists of ULED arrays and
electronic parts which electrically drive
individual ULEDs. Currently, two main
approaches are used to integrate ULED
arrays and electronic parts. The first
approach is so-called “pick-and-place”
which is based on a massive transfer tech-
nology, meaning that millions of WLEDs
are transferred from a wafer to a transistor backplane, where a
very high accuracy of around 1 um and a considerable amount
of time are required. As a result, the yield is generally very
low,[*711 and thus this approach is impractical for manufac-
turing a microdisplay, especially for AR/VR applications. The
second approach is based on a flip-chip bonding technology,
where HLEDs and a CMOS (which is used to electrically drive
individual pLEDs) are fabricated separately and are then het-
erogeneously wafer-bonded together.'”l However, it is worth
highlighting that the second approach is facing two major chal-
lenges. The first challenge is due to an assembly issue. Since
individually addressable LLEDs need to be driven by CMOS cir-
cuits, a heterogeneous integration method is adopted to com-
bine WLEDs with electrically driving parts.***%3] In this case,
there still exists an accuracy issue of the alignment between
ULEDs and CMOS, thus still limiting a transfer yield and
then increasing manufacturing costs. The second challenge
is due to a degradation in the optical performance of ULEDs,
where HLEDs are fabricated by means of a photolithography
technique and subsequent dry-etching processes.™! During
such dry-etching and follow-up processes, severe damages are
introduced, leading to a severe degradation in the optical per-
formance of uLEDs.['®*] Moreover, with scaling down the size
of ULEDs, the severity of the issue is further enhanced.'®-22
Although an extra passivation process using an atomic layer
deposition (ALD) technique is adopted,?2?3 the recovery of
optical performance is marginal due to irreversible damages
caused during dry-etching processes. Therefore, such a hetero-
geneous integration approach for the fabrication of a microdis-
play is still far from satisfactory.

We believe that an epitaxial integration of ULEDs and high
electron mobility transistors (HEMTs) that electrically drive

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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individual PLEDs might be the ultimate approach to the fabri-
cation of a microdisplay. Very recently, we have developed an
epitaxial growth approach to the formation of ULEDs on a pre-
patterned template, namely, the formation of ULEDs does not
involve any dry-etching processes, thus eliminating any resultant
etching damages.?*2l As a result, we have demonstrated
ultrasmall pLEDs with a record external quantum efficiency
(EQE).?*2] In this paper, we propose a concept, namely, a prepat-
terned HEMT structure instead of a single GaN template is used
as a template, on which PLEDs will be subsequently grown. This
aims to achieve an epitaxial integration of ULEDs and HEMT for
a microdisplay, where we expect that all the fundamental issues
which cannot be overcome in either “pick-and-place” or “flip-chip
bonding technology” can be eliminated. In this paper, we have
translated the proposed epitaxial integration concept into a pro-
totype, demonstrating an 8 x 8 microLED microdisplay, where
each PULED is electrically driven by an individual HEMT.

2. Experimental Section

Figure 1a shows a 3D layout for our 8 x 8 ULED microdis-
play. Figure 1b illustrates the schematic of the cross section of
a single ULED as a pixel, demonstrating each WLED which is
selectively overgrown on a prepatterned HEMT template can
be electrically driven by the circular gate of each HEMT sur-
rounding a ULED, namely, all pLEDs are individually address-
able via HEMTs.

In our previous work (i.e., not individually addressable
ULEDs), a single n-GaN layer on sapphire was used as a tem-
plate for the selective overgrowth of UWLED arrays.**?’ In this
work, an AlGaN/GaN HEMT structure instead of a single
n-GaN layer is used as a template to achieve a microdisplay
via an epitaxial integration of uLEDs and HEMTs, where each
ULED is individually driven by a HEMT. The HEMT template
consists of a 25 nm Al ,0GaggoN barrier and a 1 nm AIN spacer
in addition to a 1 pm GaN buffer layer and a high temperature
AIN buffer layer which is directly grown on c-plane sapphire.

www.advmattechnol.de

Using our high temperature AIN buffer approach, our HEMTs
have demonstrated an extremely high breakdown field and an
extremely low leakage current.?’) Such a HEMT structure can
electrically drive individual ULEDs without concerning about
leakage current which may unintentionally turn on ULEDs
which are supposed to be off. For the details of our HEMT struc-
ture, please refer to our paper recently published elsewhere.*’]
Subsequently, a SiO, film with a thickness of 500 nm is
deposited on the HEMT template by using a plasma-enhanced
chemical vapor deposition (PECVD) technique. A photolithog-
raphy technique and then drying etching processes are used
to selectively etch the SiO, mask down to the surface of the
HEMT template, forming regularly arrayed microholes with a
diameter of 20 um. Next, a standard InGaN-based LED struc-
ture is selectively overgrown on the patterned template. The
LED structure consists of a n-type GaN layer, an Ing0sGagosN
prelayer, five-period InGaN/GaN MQWs (InGaN quantum well:
2.5 nm and GaN barrier: 13.5 nm) as an active region, and
then a 20 nm p-type Aly,GaygN as a blocking layer. Finally, a
150 nm p-type GaN is grown. Due to the dielectric mask, the
LED growth is limited within the preformed SiO, microholes,
naturally forming regularly arrayed pLEDs. By this approach,
ULEDs (including diameter, location, and shape) are fully deter-
mined by the SiO, microhole masks, where the pitch size and
the pitch-to-pitch spacing determine the resolution of the final
microdisplay. In our case, the diameter of each uLED and the
edge-to-edge spacing are 20 um and 25 pum, respectively, leaving
enough space for electronic part integration. It is worth high-
lighting that the size of ULEDs can be further reduced, leading
to a further reduction in the gate-width of a transistor for cur-
rent driving. A reduced pixel size and pixel-to-pixel distance
may be helpful for further enhancing a resolution. By using this
direct epitaxial approach, a high resolution with a 3.6 um pitch
size and a 2 um edge-to-edge spacing have been achieved.l?#2°!
This direct epitaxial approach also means that the formation
of LLED arrays does not involve any WLED mesa etching pro-
cesses. Please refer to Figure Sla-d (Supporting Information)
for our detailed selective growth processes. By means of using

Figure 1. a) 3D layout of our 8 x 8 LLED microdisplay; b) schematic of the cross section of a single LLED, demonstrating each uLED can be electrically

driven by the circular gate of each HEMT surrounding a uLED.
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the selective overgrowth approach on a prepatterned HEMT
template, pLEDs and HEMTs are epitaxially integrated. The
next step is due to integrated device fabrication. Figure Sle-1
(Supporting Information) provides the schematic of our inte-
grated device fabrication procedure.

Figure 1b illustrates each PLED which is surrounded by an
individual HEMT, where a circular gate in each HEMT controls
injection current into each ULED. Figure la indicates that all the
circular gates in each column are eventually connected to a gate
pad located on one side of the 8 x 8 ULED microdisplay, while
all the semicircular sources (Ti/Al/Ni/Au metal stacks which
undergo rapid thermal annealing (RTA)) represented by grey
color in each column are connected to a source pad (Ti/Al/Ti/Au)

www.advmattechnol.de

on another side. All the p-contacts on top of each ULED in each
row are connected to a drain pad (Ti/Al/Ti/Au). Between two
neighboring columns, an isolation trench with a width of 3 pm
and a depth of 300 nm is formed by etching down to the semi-
insulating GaN buffer of the HEMT structure for an insulation
purpose by an inductive-coupled plasma (ICP) technique.

3. Results and Discussions

Figure 2a shows the tilted scanning electron microscopy (SEM)
image of our single LLEDs after selective overgrowth and then
oxide mask removal.
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Figure 2. a) Tilted SEM image of our overgrown ULEDs; b) optical microscopic image of our 8 x 8 integrated {LEDs/HEMTs microdisplay; c) SEM
image of the screen region of each microdisplay; d) a single ULED/HEMT integrated unit as a pixel, showing that each 20 um ULED is surrounded by
an individual HEMT (scale bar: 10 pm).
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Figure 3. a) Typical I-V characteristics of a single {LED/HEMT integrated unit; b) typical EL spectra of a single LLED driven by an individual HEMT as
a function of gate bias; Inset: Typical EL image from a single uLED driven at a gate—source bias V,; =0V and a drain-source bias V4, =12 V; c) LOP

as a function of injection current for a single LLED/HEMT device.

Figure 2b displays the optical microscopic image of our
8 x 8 integrated PLEDs/HEMTs microdisplay, showing
2.66 mm x 3.02 mm in dimension for each microdisplay chip.
The rectangular screen region with a size of 360 pm x 400 pm
consists of 8 x 8 integrated pnLEDs/HEMTS.

Figure 2c shows the SEM image of the screen region of each
microdisplay. Each drain pad which connects all the pixels in a
same row is deposited on a 2 pm SU8-2 passivation layer, while
each source pad and each gate pad connecting all the pixels in a
same column locate below the passivation layer. Such a design
avoids the use of double or triple passivation layers, thus sim-
plifying the fabrication process.

Figure 2d displays a typical single UWLED/HEMT pixel,
showing that each 20 pm ULED is surrounded by an individual
HEMT. The drain of each ULED is located on the transparent
p-type contact made of Ni/Au alloy which has undergone a
thermal annealing process. In each HEMT, the gate length, the
gate-to-source distance, and the gate width are 2 um, 2 um, and
88 um, respectively.

Figure 3a shows the typical current-voltage (I-V) charac-
teristics of a single pLED/HEMT integrated unit, indicating a
typical HEMT characteristic. Figure 3b exhibits the typical elec-
troluminescence (EL) spectra of a single ULED driven by an
individual HEMT as a function of gate bias, where inset pro-
vides an EL image from a single ULED driven at a gate-source
bias Vg =0V and a drain-source bias Vys =12V as an example.
Figure 3b shows that the EL intensity of a single uLED can be
modulated by a gate bias from -5 to 0 V. Figure 3c shows the
light output power (LOP) of a single ULED measured as a func-
tion of injection current. The emission is collected by an objec-
tive lens (40X, 0.75 NA) and then detected by a power meter
(Thorlabs PM100D).

Figure 4a shows an equivalent circuit for our 8 x 8 integrated
ULEDs/HEMTs microdisplay. Gate and source terminals in each
column are introduced into G1-G8 and S1-S8, respectively.
Drain terminals in each row are introduced into A1-A8. These
terminals are eventually wire bonded into a 2.6 cm x 3 cm PCB

Adv. Mater. Technol. 2021, 2100214 2100214 (4 of 7)

as shown in Figure 4b, where all the source terminals on the
PCB are converted into two pins, while the gate terminals and
the drain terminals remain separated pins for an easy control
purpose.

Figure 4c shows our electrically driving scheme for our 8 x 8
integrated WLEDs/HEMTs microdisplay. As mentioned above,
the turn-on voltage for a gate and the operation voltage for a
drain are different from that used for a conventional seven-seg-
ment display (typically for driving standard LEDs). As a result,
a standard Max7221 chip which is commercially available does
not match our integrated microdisplay and thus cannot be
adopted here.

To address this issue, a different design is required. In
our design, source terminals are directly introduced to a +5 V
power supply (provided by Keithley 2400). In this case, we do
not need to further convert a positive 0 to +5 V SEG signal
into a negative voltage which is used to switch on/off a HEMT.
Since the source terminals are at +5 V, the voltage drop from
the gates to the sources can be tuned from —5 to 0 V, which
is good enough to use the gate to switch on/off a HEMT. To
bypass the SEG current, 20 kQ resistors are used between the
SEG signals and ground prior to being introduced to the gate
terminals.

For the drain terminals, an analog circuit as shown in
Figure 4c is used to boost the DIG signal to a higher voltage
level (>10 V). To achieve such a function, the circuit suggested
in Max 7221’s application notel?® has been modified, where two
MOSFETs have been adopted, namely, Q2 which is IRF9520
(p-channel) and Q3 which is IRF510 (n-channel). The drain
terminals of Q2 are connected to the drain terminals. A CPU
controlled Arduino board is used to provide clock (CLK), data
(DIN), chip-selection (CS), V. (+5 V), and GND signal to the
Max 7221 chip. Our test setup and driving PCB are displayed in
Figure 4d.

Finally, our 8 x 8 integrated WLEDs/HEMTs microdis-
play has been demonstrated through a short video showing
“I @ Sheffield” which can be found in the Supporting

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. a) Equivalent circuit for our 8 x 8 integrated uLEDs/HEMTs microdisplay; b) Our PCB where all the gate terminals, source terminals, and drain
terminals are wire-bonded; c) our electrically driving scheme for our 8 x 8 integrated ULEDs/HEMTs microdisplay; d) photo of our test setup and driving PCB.

Information. The video has been recorded via a CCD camera Figure 5b shows the images which are captured from the
mounted on a light collection system consisting of a 10x objective ~ short video for a demo purpose. The delay between each letter
lens and a NAVITA 12x Zoom Lens System as shown in Figure 5a.  in the video is 1000 ms, which can be changed through the

Adv. Mater. Technol. 2021, 2100214 2100214 (5 of 7) © 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. a) Optical image of our light collection system for recording a short video using our 8 x 8 microdisplay; b) images (“| ® Sheffield”) which

are captured from the short video for a demo purpose.

code in Arduino. By means of changing the duty cycle of the
gate pulse, the EL intensity of individual PLED pixel can be
modified using a pulse-width-modulation (PWM) schemel?”) to
obtain a high-contrast-ratio display.

It is worth highlighting that such each WLED/HEMT inte-
grated unit can be controlled by both gate voltage and drain
voltage. As a consequence, such an integrated unit can also
play a visible light communication (VLC) role in addition to its
microdisplaying function.?%32 Except for this dual-function-
ality application, such an integrated device can also be adopted
for much broader fields, such as display and flexible biomedical
applications,3*34 quantum dot color-converting layers for a full
color display, etc.13>36]

4, Conclusion

In conclusion, we have developed an epitaxial approach to
monolithically integrate phLEDs and HEMTs on a single chip
by means of using a selective overgrowth method on a pre-
defined HEMT template featuring SiO, microhole masks.
Our approach has eliminated all the fundamental issues which
cannot be overcome in either “pick-and-place” approach or
“flip-chip bonding” technology. Finally, we have translated the
proposed epitaxial integration concept into a prototype, demon-
strating an 8 x 8 microLED microdisplay, where each uLED is
electrically driven by an individual HEMT which surrounds its
respective ULED via the gate bias of the HEMT.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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