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This paper reports on the design and fabrication of a 48 × 48 full-color pixelated addressable light-emitting diode
on silicon (LEDoS) micro display. The metallization pattern was designed and fabricated on a silicon substrate,
while red, green, and blue monochromatic micro LEDs were integrated on the silicon substrate using transfer print-
ing. The red, green, and blue micro LEDs are flip-chip structures in which red micro LEDs were fabricated using
substrate transfer, mesa etching, metal deposition, and chip dicing. The integration process does not require wire
bonding, which reduces the full-color pixel size and increases the integration speed. The LEDoS micro display can
be addressed individually for each LED pixel and display representative patterns. ©2019Optical Society of America

https://doi.org/10.1364/AO.58.008383

1. INTRODUCTION

LEDs have received wide attention due to their high bright-
ness, good luminous efficiency, long lifetime, and wide color
gamut [1–8]. Compared with liquid crystal displays (LCDs)
and OLED displays, LED micro displays have a greater poten-
tial because of their self-illumination, good outdoor visibility,
extreme environmental survivability, compact optical structure,
and wide operating environment [9–11]. However, it is difficult
to implement a full-color micro LED display, so most previous
works have only discussed monochrome displays [12–18].
Regular three-color LEDs of red, green, and blue cannot usually
be grown simultaneously on the same substrate. With a high
indium doping, a new GaN epitaxial structure was designed
and a multi-color display was realized by increasing the injec-
tion current and blue-shifting the emission wavelength [19].
However, this method still has some limitations regarding its
color gamut. Applying phosphors or colloidal quantum dots
to micro LEDs is another way to achieve full color on the same
wafer, but this will cause a loss in efficiency, and the reliabil-
ity has yet to be tested [20–23]. Therefore, it is reasonable to
independently manufacture LEDs of three different colors and
transfer them to a suitable substrate to form the display.

In 2014, Xue et al. designed and fabricated a 16× 16 and
32× 32 color-tunable addressable LED micro displays using
chip-on-board (COB) technology with a full-color pixel size and
pitch of 700 and 500 µm, respectively [24]. In 2015, Peng et al.

used COB technology to design and manufacture a full-color
pixelated addressable micro display on a transparent substrate
with a full-color pixel pitch of 1 mm [25]. The COB is a mature
discrete LED device packaging process that includes chip pick-
ing, pasting, and wire bonding. In 2016, Meitl et al. designed
a special structure for micro LEDs with a gap underneath and
a tether extending to the anchor of the wafer. The micro LEDs
were then transferred from the wafer to the target substrate.
After transfer printing, metal connections were formed using
standard photolithography and reactive ion etching for the via
holes, thereby realizing a 100× 100 passively addressed micro
LED display with a light-emitting area of 20× 20 mm [26]. In
2017, Bower et al. used the same method and further transferred
the micro ICs to realize a 44× 44 active-addressing micro LED
display with a full-color pixel size of 200× 200 µm [27].

Transfer printing is the process of moving small components,
such as micro LEDs or micro integrated circuits (ICs), from one
substrate to another using a stamp [26–28]. Wire bonding is
often required for conventional red LEDs since they are vertical
structures; however, the wire bonding process is complicated
and vulnerable and requires a relatively large space, which is dis-
advantageous to further reduce the full-color pixel size [24,25].
The aforementioned micro displays made with transfer printing
often require specially designed micro LEDs and electrical
connections after the transfer, which can realize high-resolution
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micro displays but are not conducive to mass production [26–
28]. Therefore, we propose a full-color micro LED display by
designing and manufacturing a silicon-based display substrate
with a metallization pattern and transferring the flip-chip red,
green, and blue micro LEDs onto the display substrate. In this
method, wire bonding and special structured micro LEDs are
not required, and thus the full-color pixel size is reduced and the
integration speed is increased.

This paper reports the design and manufacture of a full-color
LEDoS micro display. Red, green, and blue monochromatic
micro LEDs were integrated on a pixelated addressable sili-
con substrate by transfer printing. The LEDoS micro displays
have 48× 48× 3 (3 for RGB) pixels, a full-color pixel size of
250× 480 µm, and a pitch of 500 µm on a single silicon sub-
strate. The emission wavelengths of the LEDoS micro displays
are 632.98, 514.56, and 463.72 nm, respectively. The LEDoS
micro display can be used to form novel full-color displays for
applications including augmented reality (AR), virtual reality
(VR), head up display (HUD), and wearable displays with a
high brightness and good visibility.

2. FLIP-CHIP MICRO LEDs

Red, green, and blue micro LEDs were used to realize a full-
color micro LED displays. The green and blue micro LEDs
were fabricated using a GaN-based multiple quantum well
(MQW) LED structure grown on sapphire [29–33]. The epi-
taxial layer included an undoped GaN buffer layer (2.5 µm), a
Si-doped n-type GaN layer (3 µm), a six-period InGaN/GaN
MQW light-emitting layer, and a Mg-doped p-type GaN layer
(120 nm). The p-GaN layer and the MQW active region were
etched using inductively coupled plasma (ICP) dry etching
until the n-GaN layer was exposed. An ITO layer was then
deposited on the p-GaN layer to spread the current, and the
wafer was rapidly thermally annealed in nitrogen to improve the
Ohmic contact of the ITO with the GaN layer. A Cr/Au layer
was deposited onto the wafer for n contact and p contact. The
LED wafer was then diced into chips sized of 100× 250 µm.

For the red micro LEDs, the epitaxial layer was grown on a
GaAs substrate and transferred to a sapphire substrate following
the process shown in Fig. 1. The epitaxial layer includes a Mg-
doped n-type AlGaInP layer (2.5 µm), an AlGaInP/GaInP
MQW active region, a Si-doped p-type AlGaInP layer

(100 nm), and a GaP current spreading layer (8 µm). Since
GaAs is electrically conductive and opaque, red micro LEDs
are generally vertical structures. To fabricate flip-chip red micro
LEDs, the GaP layer was first roughened and an Al2O3 film
was deposited. The surface was then planarized with chemical
mechanical polishing (CMP) and bonded to a transparent sap-
phire substrate under a high temperature and pressure. Finally,
the GaAs substrate was removed using chemical etching to
obtain an AlGaInP epitaxial wafer with a transparent sapphire
substrate [17,34]. Thereafter, a process similar to green and
blue micro LEDs was performed. An ICP dry etching was used
to etch a n-type AlGaInP layer, and the MQW active region
until the p-type AlGaInP layer was exposed. A Cr/Au layer was
deposited for n contact and p contact, and the LED wafer was
diced into chips of 100× 250 µm. The red, green, and blue
chips were all sapphire substrates and all flip-chip structures of
the same size, which is beneficial for the subsequent integration
processes.

3. DESIGN AND FABRICATION OF MICRO
DISPLAY

The full-color display was designed and fabricated by inte-
grating the red, green, and blue micro LEDs onto the display
substrate, as shown in Fig. 2(a). The display has a 48× 48 RGB
micro LED array with a full-color pixel pitch of 500 µm and
series pads surrounding the array. The series pads on each side of
the array include VCC common anodes on the top of the array
and red, green, and blue electrodes on the right, left, and bottom
of the array, respectively. The series pads are connected to the
control units with the micro LED array so the pixels in the array
can be addressed individually through the control units. To
form the electric connections before the integration, the display
substrate with the metallization pattern was fabricated using
standard photolithography and magnetron sputtering with a
silicon wafer as a package substrate. The metallization pattern
consisted of metal pads and wires with a pattern made from
TiW/Au. As shown in Fig. 2(b), each pixel of the matrix is com-
posed of red, green, and blue LED chips, and the arrangement of
the metallization pads on the substrate coincides with the pads
of the LED chips. In other words, the anode and cathode pads
were fabricated on the silicon substrate to match the anode and
cathodes of the LEDs. Moreover, the metal wires were designed
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Fig. 1. (a) GaAs substrate epitaxial wafer, (b) GaP layer roughening, (c) Al2O3 film deposition, (d) CMP processing, (e) bonding with the sapphire
substrate, (f ) GaAs substrate removal, (g) ICP etching mesa, (h) metal deposition, and (i) micro LED dicing.
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Fig. 2. (a) Structural diagram of the LEDoS micro display and
(b) the pixel unit.

to control the micro LEDs in each pixel. To individually drive
the micro LEDs, there were two metal wires for any micro LED:
one for the anode and one for the cathode. The three micro
LEDs for a single full-color pixel share the same anode metal
wire. An extra metal wire is required for the blue micro LEDs in
the same row to change the conduction direction of the cathode
metal wire through the via hole. In summary, there were three
anode pads, three cathode pads, and four or five metal wires for
a single full-color pixel unit. The layout of the pads and metal
wires is shown in Fig. 2(b).

As shown in Fig. 3(a), the micro LEDs in each column of the
matrix are arranged in the order of red, green, and blue. Each
row of the matrix is one of red, green, and blue micro LEDs. The
anodes of the micro LEDs in the same column are connected
together, and each column is connected to the corresponding
VCC series pads above the matrix. The LEDs of the same row
have the same color, and the cathodes for the red, green, and blue
LEDs in the same row are connected together. Each row of the
green and red LEDs are connected to the series pads correspond-
ing to the left and right sides of the matrix, respectively, while
each row of the blue LEDs is connected from the horizontal

direction to the vertical direction through the via hole and to
the corresponding series pads below the matrix. As distinct from
the VCC, red and green series pads, the leftmost blue series pad
controls the bottom row of blue LEDs, the rightmost blue series
pad controls the top row of blue LEDs, and so on.

The fabrication process to manufacture the display substrate
with the metallized pattern is explained below and shown in
Fig. 3(b). First, a silicon wafer with a 2 µm thick oxide layer
was prepared. A 300 nm TiW/Au layer was grown on the wafer
using magnetron sputtering, and the LED pads and lateral wires
(20 µm width) were formed with photolithography. Next, a
500 nm SiO2 isolation layer was grown using plasma enhanced
chemical vapor deposition (PECVD), and the via holes served
as the interconnection contact region, which were exposed by
applying ICP etching. Then, the vertical wires (40 µm width)
were formed using photolithography after a 700 nm TiW/Au
layer was grown on the wafer, which was followed by the depo-
sition of a 1000 nm SiO2 passivation layer. Finally, p and n pads
were exposed by removing the excessive passivation layer for the
connection with the LED pads. The substrate for the display
with the metallization pattern is shown in Fig. 4(a).

After the metallized pattern was fabricated, low-melting-
point solder (LMPS; melting point: 47◦C, composition: Sn
8.3%, Bi 44.7%, Pb 22.6%, Cd 5.3%, In 19.1%) was employed
to the pads of the display substrate [35]. Then a polydimethyl-
siloxane (PDMS) stamping sheet with convex patterns was used
to selectively pick up the micro LEDs from the donor substrate
with a relatively high peel velocity [36]. The micro LEDs on the
donor substrate were arranged by the pick-and-place process,
respectively. After the pick-up process, the micro LEDs were
placed in contact with the pads of the display substrate at 60◦C.
Subsequently, the LMPS solidified at room temperature, and
the PDMS stamping sheet was peeled off. The micro LEDs were

Fig. 3. (a) Structure diagram of the display substrate and (b) the structure of the pixel unit.

Fig. 4. (a) Substrate for the LEDoS micro display and (b) photograph of the LEDoS micro display.
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Fig. 5. (a) Schematic of the driving circuit for the LEDoS micro dis-
play and (b) the individual illumination of red, green, and blue micro
LEDs.

thus transferred to the display substrate. The display substrate
was then thermally annealed at 80◦C [35,36]. The surface ten-
sion of the solder causes it to spontaneously move to the metal
pads to pull the offset micro LEDs back to their specified posi-
tions. Thus, the micro LEDs formed a firm connection with the
substrate to finally obtain the full-color self-illumination matrix
shown in Fig. 4(b). Wire bonding is often required when the red
LED is of the vertical type. Wire bonding is time consuming
because each vertical micro LED needs to connect its p-pad
of the display substrate with the metal wire after the LED has
been placed on the cathode pad of the substrate. In contrast,
transfer printing can integrate multiple micro LEDs into the
display substrate at one time. The red, green, and blue micro
LEDs are all flip-chips of the same size. Therefore, for individual
micro LEDs, the integration process can be seen as flip-chip
bonding. Compared with wire bonding, flip-chip bonding has
better connections to the display substrate because the wires
are vulnerable to breakage. To form the connections with the
vertical LEDs, an anode pad needs to be designed near the LED,
while for a flip-chip LED, the anode pad is designed under the
LED to reduce the full-color pixel size.

The full-color display is driven passively. The anode of each
column of the LEDs is connected to the column scan line,
and the cathode of each row of LEDs is connected to the row
scan line. The red, green, and blue LEDs are each connected
to different scan lines. The common anode lines are led to the

VCC driver above the array, and the red and green scan lines are
led to the red and green drivers on the right and left sides of the
array, respectively. The blue scan lines are led to the blue drivers
below the array through the via holes. When a particular X th
column scan and Y th line scan are gated, the LED pixels at the
intersection (X , Y ) are illuminated. As shown in Fig. 5, the red
micro LED (9,18), the green micro LED (21,23), and the blue
micro LED (38,22) were illuminated individually.

4. RESULTS AND DISCUSSION

Photoelectric performance tests were performed on the prepared
full-color micro LED display. Figure 6(a) shows a schematic dia-
gram of the test system. The micro display was placed on the
probe station, the voltage and current of the micro LED were
changed and measured using the ITECH DC Source Meter, the
light output power of the micro LED was measured with the
CNI Laser Power Meter, and the spectrum of the micro LED
was measured in the Ocean Optics USB4000. Figure 6(b) shows
the red, green, and blue micro LEDs that were individually lit.

Figures 7(a)–7(c) show the current versus voltage (I-V) and
optical power versus voltage (L-V) characteristics of the red,
green, and blue LEDs in a typical full-color pixel that is DC
biased at room temperature. The forward turn-on voltages of
the RGB LEDs are 1.7, 2.3, and 2.5 V, respectively. As the volt-
age increases, the output optical power of the LED first increases
and then decreases, which shows a droop phenomenon that can
be contributed to an increased non-radiative recombination
that is stronger than that of the radiative recombination when
the injection current increases at high current [37–39]. The
maximum light output powers for the red, green, and blue
LEDs are 0.68, 1.55, and 3.77 mW, respectively. Figure 7(d)
shows the emission wavelength spectrum for the red, green,
and blue LEDs at an operating current of 20 mA. The center
wavelengths of the LEDoS micro display are 632.98, 514.56,
and 463.72 nm, respectively. Their full width at half-maximums
are 20, 25, and 30 nm, respectively.

For passive drive mode displays, it is necessary to evaluate
the effects of the series resistance for the address lines on the
optoelectronic performance of each pixel. Equations (1)–(3) are
used to determine the series resistance of the micro LEDs in the
matrix from the pixel resistance of the micro LED, the distance
from the VCC driver, and the distance from the red, green, and
blue drivers, as follows:

RR = RR p + Rr × (48−m)+ Rc × (n − 1), (1)

Fig. 6. (a) Schematic diagram of the photoelectric performance test system and (b) the individually illuminated micro LEDs.
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Fig. 7. I-V and L-V characteristics for the (a) red, (b) green, and (c) blue micro LEDs. (d) The spectrum for the red, green, and blue LEDs at an
operating current of 20 mA.
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RG = RGp + Rr × (m − 1)+ Rc × (n − 1), (2)

RB = RBp + Rr ×
∣∣48−m − n

∣∣+ Rc × 48. (3)

Here RR , RG , and RB are the series resistances for the red,
green, and blue micro LEDs in the matrix; the RR p , RGp , and
RBp are the pixel resistances of the red, green, and blue micro
LEDs; Rr is the line resistance between two LEDs in each row;
Rc is the line resistance between two LEDs in each column,
and m and n are the number of pixels on the row and column,
respectively. For the red micro LEDs, the driver is on the right
of the matrix. When m increases, the distance between the pixel
and the driver is reduced; however, for the green micro LEDs,
the distance increases because the green driver is located on
the left of the matrix. For both red and green micro LEDs, the
distance between the pixel and the VCC driver increases with n.
However, unlike the red and green micro LEDs, the blue driver
is situated below the matrix, and vertical metal wires are used to
attach the driver with the horizontal metal wires connected the
cathode for the blue micro LEDs along the same row through
the via holes. The vertical metal wires have the same width and
thickness as the VCC metal wires, and their lengths increase
as n increases. Therefore, for any blue micro LED, the sum of

Fig. 9. Display results of single-row illumination scans for the
LEDoS micro display.

the distance between the anode of the blue LED and the VCC
driver and the distance between the via hole and the blue driver
is always the same. Therefore, the series resistance of the blue
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Fig. 10. Images of R, G, B and full-color illuminated micro LED arrays.

micro LEDs depends on the distance between the blue LED and
the via hole in the same row. The farther the pixel is from the
drivers, the longer the conduction path and the higher the series
resistance. The brightness of the LED depends on the drive
current. A larger series resistance causes a smaller drive current,
which decreases the brightness of the display pixels.

The electrical performance of the 48× 48 micro LED display
array was analyzed, because the brightness uniformity of each
LED is an important factor in display applications. Taking the
red micro LEDs as an example, the LED I-V characteristics were
measured for each pixel on a single column as shown in Fig. 8(a).
It was found that as n increased from 1 to 41, the series resistance
of the pixel increased from 77.5 to 131.6 �. In addition, the
I-V characteristic of the LEDs for each pixel on a single row
was measured as shown in Fig. 8(b). Since the red light driver
is located on the right side of the display, as m increased from
24 to 44, the series resistance for the pixel reduced from 144.9
to 63.8 �. The trends of the pixel series resistance for the red
micro LEDs are consistent with Eq. (1). Changes in the row
line resistance were found to be greater than those for the col-
umn. This can be attributed to differences between the row line
thickness (300 nm) and the column line thickness (700 nm) and
differences between the line width (20µm) and the column line
width (40 µm). That is, larger line thicknesses and widths cause
smaller resistances.

Figure 9 shows the LEDoS micro display for red, green,
and blue colors that scan the entire array at the specific voltage
of 2.75 V from the top to the bottom, which gives a rela-
tively high yield. Figure 10 shows partial red, green, and blue
LEDs lit up both individually and simultaneously. There is an
uneven brightness, which is mainly due to the poor contact
between the micro LEDs and the pads on the display substrate.
Uneven brightness can be eliminated in future work using a
point-by-point correction and the application of a constant
current driver.

The design and manufacturing method reported in this
paper is based on flip-chip red AlGaInP micro LEDs. Under
the same injection current, flip-chip red LEDs have a higher
output power than vertical red LEDs of equal size. The flip-
chip red micro LED light-emitting surface is on the sapphire
side, which is colorless and transparent. The inner light of the
quantum well layer can be emitted from the entire surface, but
vertical red micro LEDs have an anode pad in the middle of the
light-emitting surface, which causes a considerable loss in the
output light intensity. The vertical red micro LED substrate is
GaAs, so its parasitic resistance is large, and the thermal energy
conversion during operation is high. Therefore, there are more
non-radiative recombination centers inside the device well layer,

which results in a decreased proportion of photons generated by
the chip radiation recombination. Therefore, the electro-optic
conversion efficiency of vertical LEDs is lower than that of a
flip-chip LED. Compared with the vertical LED, the flip-chip
LED does not require wire bonding, and thus it has a faster
integration speed, better connection with the display substrate,
and a greater pixel reduction potential.

The full-color display was fabricated by integrating the
flip-chip micro LEDs with the metallized display substrate
through transfer printing. The metallized display substrate was
silicon based and fabricated using semiconductor processing,
which improves the display resolution and mass production.
Moreover, a special structure of micro LEDs is not required with
this process. The proposed method is also more efficient com-
pared with the processing of forming the electrical connections
after the transfer. The pixels are 480× 250 µm with a pitch of
500 µm. The resolution of the micro LED display can increase
by further reducing the size of the LEDs and optimizing the
driving substrate layout.

5. CONCLUSIONS

In this paper, flip-chip red AlGaInP micro LEDs with the same
size as the blue and green GaN micro LEDs was prepared using
a substrate transfer process. A pixelated addressable full-color
LEDoS micro display was designed and fabricated using transfer
printing on a metallized silicon substrate. The full-color LEDoS
micro display had a high brightness and good pixel control-
lability, indicating it has great potential for both indoor and
outdoor applications. Full-color LEDoS micro displays have the
potential for a further increased resolution due to flip-chip red
LEDs and the transfer printing.
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