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ABSTRACT A red-light micro LED display made of an AlGaInP epilayer with a resolution of 64 × 32
pixels, a pitch of 175 μm and a luminous area of 1 cm × 0.5 cm was fabricated and characterized in
this study. The AlGaInP epilayer was bonded to double polished sapphire substrate by wafer-bonding
technique and then removing the absorbing GaAs substrate. In this design, the ITO was applied as one of
the conducting electrodes of the emitting surface, which can be beneficial since the emitting light is not
shielded by metal electrodes. The other key process for LED panel fabrication is planarization. Polymer
material was used to fill the gap between each pixel, which was used to prevent a short or open circuit
using the planarization process. The driving mode of this display is passive multi-electrode addressable
controlling. The luminance of this micro-LED panel is more than 450 nits with an operating voltage of
3 V which is three times higher than that of the OLED operating in the same driving mode.

INDEX TERMS Micro-LED display, ITO electrode, passive mode panel.

I. INTRODUCTION
Compared with liquid crystal displays or organic LED dis-
plays (OLEDs), which are conventionally used as light
sources for displays, displays made of inorganic LEDs
have many merits such as high brightness, low power con-
sumption, a short response time, high stability and long
life [1]–[4]. In fact, using LEDs to play display applications
is not new [5], [6]. LED TV walls for advertisements have
been used for a long time. However, the resolution for this
kind of application is always low. Recently, the efficiency
of LEDs has become high and semiconductor fabrication is
more mature. Thus, high resolution displays made of LEDs
is the most advanced, low-power optoelectronics capability
currently on market and can dynamically change any text or
icon. [7], [8]. Micro-displays (µD) made of LED arrays are
a type of LED device that shows promising technology for
many applications, like self-emissive displays, automotive,
wearable devices, military applications, biologic transducers,

optical biological chips, medical treatment, etc. Different
results have been successively reported using GaN/InGaN
LED material with promising electro-optical properties of
µLED matrices, which suggests that there is a high poten-
tial for µD applications [2], [9], [10]. Although the use of
an active matrix to individually control each µLED pixel has
been demonstrated on a large scale 640 × 480 pixel matrix
with a 15 µm pitch, it paves the way towards high resolution
and efficient µLED µDs [2]. Today, active-matrix displays
are fabricated using thin-film transistor (TFT) technology.
However, TFT technology encounters the challenge about
the requirements in true emissive displays where the pixel
circuit must supply an accurate and uniform electrical drive
current to each emissive element in the display instead of
just driving a voltage-controlled switch. Moreover, the pre-
cision alignment of the µLED and TFT should be required
and increase the fabrication cost. However, there is another
choice, i.e., combined with a passive matrix driver, µDs are

2168-6734 c© 2018 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission.

1064 See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. VOLUME 6, 2018

https://orcid.org/0000-0002-1160-6775
https://orcid.org/0000-0002-0314-8743


HORNG et al.: FABRICATION AND STUDY ON RED LIGHT MICRO-LED DISPLAYS

attracting more attention with interconnect processing which
has many advantages, such as easy fabrication and low cost.
Nevertheless, most µDs are focused on the blue and green
lights made by GaN-based LEDs due to the transparent epi-
taxial substrate and insulating sapphire substrate [11]. Red
light µD has seldom been reported because the material of
the red-light LED is AlGaInP grown on opaque and con-
ductive GaAs substrate. Because there are many important
applications for the red-light µD, e.g., red-light µD can
project important information in the helmet, ensuring that
pilots can receive it under the sunny day. They can also
be applied to other security display like the automobile,
smart watch, smart keyboard and smart home appliances.
In this study, we developed a passive matrix µD (the size
of each red LED pixel: 100 µm×100 µm), with a reso-
lution of 64 × 32 pixels, a pitch of 175 µm, as well as
a 1 cm × 0.5 cm luminous area. The passive matrix driver
offers 3V (2.8-3.3 V) and 1/32 duty cycle. The LEDs which
were applied in this panel were red AlGaInP-based LEDs.
In our previous study [12], the light cross talk can be sup-
pression about 80 µm. So the cross talk is not so serious in
this display.
Moreover, the AlGaInP epilayer with an ITO transparent

contact layer was bonded to the double polished sapphire
substrate by wafer-bonding technique [13], [14] and then
removing the absorb GaAs substrate. In this design, the ITO
was applied as one of the conducting electrodes of the emit-
ting surface, which can be beneficial since the emitting light
is not shielded by metal electrodes. Compared to a tradi-
tional metal electrode, there is no emitting light shielding
issue in this design, and this reveals that the resolution of the
display was enhanced and the current distribution was more
uniform using this kind of structure. Another key process
for LED panel fabrication is planarization. A polymer was
used to fill the gap between each pixel allowing the short or
open circuit to be eliminated by the planarization process. It
should be pointed out that the performance of an LED panel
is influenced by the uniformity and height of planarization.
Processing and the performance of µDs will be discussed
in detail in the following.

II. EXPERIMENTAL SECTION
AlGaInP LED epilayers were grown on n-type lattice-
matched GaAs substrates by metalorganic chemical vapor
deposition [14]. Then, an ITO layer was deposited on the
epilayers of an AlGaInP LED using an E-Gun evaporator for
Ohmic contact and current spreading, as shown in Fig. 1(a).
Thermal anneal treatment was processed for Ohmic contact
between the ITO and 1.0 µm thick p-GaP. Second, glue was
used to bond the epilayers depositing ITO on double sides
of the polished sapphire substrate, as shown Fig. 1(b). Next,
the GaAs substrate was removed to expose the n-type AlInP
layer by wet chemical etching, as shown in Fig. 1(c).
Following, the n-metal electrodes were defined by

photolithography; the 64(Column with the same ITO
line)×32(Row with the n-metal connetion) pixel array was

FIGURE 1. Process flow of 32 × 64 pixels micro LED display panel: (a) ITO
Deposited by E-Gun evaporator, (b) Sapphire bonded by wafer bonding,
(c) GaAs substrate removed by etching, (d) AuGe/Au deposited by thermal
deposition system, (e) Epilayer etching to ITO, (f) ITO isolated by etching,
(g) Metal deposited by E-Gun evaporator, (h) Fill and level up to groove by
polymer, (i) Column metal line deposited by E-Gun evaporator,
and (j) a side view diagram of the layer structure of the final display.

defined in this step. After this, n-metal AuGe/Au was
deposited on the surface of the exposed n-type AlInP and
photoresist. The N-metal region was formed after the lift-
off steps, depicted in Fig. 1(d). The thermal anneal was
treated for Ohmic contact between the AuGe/Au metal and
n-type AlInP. Following this, the mesa isolation area with
a 64×32 array was defined, and the mesa region was formed
and stopped at the ITO layer by dry etching, as shown in
Fig. 1(e).
After the LED mesa was formed, the address electrodes

and panel circuits were defined in the following steps. The
ITO was used as one of the electrodes to interconnect the
LEDs in 32 rows of the 64 × 32 array for the addressing
control in the panel. The etching depth of the ITO was about
200 nm, and the etching was stopped at the adhesive layer,
as shown in Fig. 1 (f).
Before the column circuits were fabricated, there existed

very high gaps between the LED chips and ITO electrode.
These open regions would result in the line being broken
for the metal line deposition to define the column address
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interconnections. Thus, the metal plateau must be fabricated
to prevent the open circuit issue and to form the metal contact
for the next column electrode fabrication. The height of the
metal plateaus should be the same as that of LED chips.
These metal plateaus, defined by photolithography and multi-
layers with Ti/Al/Ti/Au (50 nm/2.6 µm/50 nm/60 nm), were
deposited by an E-Gun evaporator. The metal plateaus were
formed by a lift-off process, as shown in Fig. 1(g).
The row address metal electrodes and circuits are fabri-

cated in the next procedures. However, there existed very
high gaps between the LEDs and substrates. The same issue
of open circuits will easily happen due to the gap. To pre-
vent this issue, the planarization process was considered.
Polymer material was used to flatten the surface for the
overall panel, as shown in Fig. 1(h). The ITO was used
as one of the electrodes for the LED row address control
described in the previous procedures. As the planarization
process was completed in Fig. 1(h), the metal electrodes for
the row address controlling of the LED array was achieved
by photolithography definition first. Then, the metal layers of
Ti/Al/Ti/Au (50 nm/2.3 µm/50 nm/60 nm) were deposited by
tan E-Gun evaporator. Finally, the address metal electrodes
for the 32 controlled rows were obtained after PR lift-off,
shown in Fig. 1 (i). Fig. 1(j) shows a side view diagram of
the layer structure of the final display. The final process is
to connect the ITO circuit to the peripheral control circuit.
Here, the bonding metal was used to combine the ITO elec-
trode and peripheral circuit. Besides, this bonding metal can
reduce the series resistance of the ITO. The bonding metal
was also defined by photolithography. Then, the Cr/Au metal
layer was deposited by a thermal evaporator. Fig. 2 shows
the picture of the micro display after processing.

FIGURE 2. Picture of micro display fabricated by 2” epiwafer after
processing.

III. RESULTS AND DISCUSSION
In this study, we developed a multi-line addressable pas-
sive micro-LED display with the 64 column and 32 row
control lines fabricated by ITO and metal lines, respectively.
For a passive driven mode panel, it is necessary to evalu-
ate whether the optoelectronic performance of each pixel
is affected by the series resistance of the address lines.

Based on Equation (1), the series resistance was higher if
the conducted path length was longer. The luminance of the
LED was dependent on the driving current. The farther the
distance from the p-contact metal, the higher the series resis-
tance. This would result in a lower luminance of the µDs.
The schematic diagram of the current path through the row
line is shown in Fig. 3(a), and the equivalent circuit diagram
is shown in Fig. 3 (b).

Rs = Rv + Rsc × L/(WT) (1)

FIGURE 3. (a) Schematic diagrams of current path through the column
line, and (b) the equivalent circuit diagram.

Here, Rs is the series resistance, Rv is the resistance of
the pixel and Rsc is the sheet resistance of the ITO and
the metal stack. L is the distance between the pixel and the
p-contact metal pads. W and T are the width and thickness
of the ITO or metal, respectively.
The luminance uniformity of each LED is impor-

tant for display application. The electrical properties of
64 × 32 micro-LEDs were analyzed. We measured the I-V
characteristics of the LEDs for each pixel on a single column
line, as shown in Fig. 4 (a). It was found that the series resis-
tance values of pixels were increased from 0.089 � to 0.5 �

for pixels located in row 1 to row 32. The serious increase
in the Rs resulted from the current flowing through the
thin ITO column. Here, the thickness of the ITO was only
200 nm. This problem can be overcome by increasing the
thickness of ITO, GaP remaining on ITO or deposited metal
on ITO. They are important and under study. On the other
hand, the I-V characteristics of the LED for each pixel on
a single row line was measured and is shown in Fig. 4 (b). It
was found that the Rs variation is less dependent of the col-
umn position. This could be due to the fact that the current
flows from the ITO/LED pixel and n-metal electrodes. Since
the metal resistance is very low, it would not change the Rs
very much for the I-V characteristic of the pixel located in
the same row. The Rs variation could be attributed to the
quality variation of the Ohmic contact between the metal
and the n-AlGaInP epilayer.
Furthermore, we selected 3 columns and 3 rows to measure

the I-V characteristics to realize the electrical performance of
the whole display panel. The three columns were columns 3,
33 and 61. The forward voltage (Vf) variation from p-contact
electrode ITO to each row pixel (1 to 32) was measured
under injection current 1 mA. The schematic diagram of
the three columns for measurement is shown in the inset in
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FIGURE 4. (a) I-V curves of pixels in a single column, (b) I-V curves of
pixels in a single row.

Fig. 5 (a). It can be clearly observed that the Vf becomes
a little higher as the row pixel position is located farther
away from the ITO p-contact electrode. The Vf varied for
these three columns from 1.9 to 2.2 V for the LED pixel
located in rows 1 to 32, respectively. It was also found that
the variety tendency was the same as those for the same
row pixels located in different column lines. The increase
in Vf is caused by the ITO series resistance. Furthermore,
it was found that some pixels located in rows (12, 15 and
25) showed a higher Vf than the others. This could be due
to the Ohmic contact properties not being as good as those
of other pixels.
On the other hand, we investigated the electrical behavior

of pixels for a row line with different columns. Rows 3, 15
and 31 were selected to check the Vf variation from metal
contact with each column pixel under the same injection cur-
rent 1 mA, as shown in Fig. 5 (b). The schematic diagram
of these rows with different columns for electrical measure-
ment was shown in the inset of Fig. 5(b). It was found that
for the pixels located in higher columns, the current will
flow into longer metal. Nevertheless, the Vf did not change
significantly due to the row’s low series resistance. This
result coincided with that shown in Fig. 3(b). Furthermore,
the voltages of pixels located in Row 31 presented as higher
than those of pixels located in Row 15. The lowest pixel
voltages were located in Row 3. The results agreed well
with those of Fig. 4.
As mentioned, the display in this study was a passive driv-

ing mode panel. The optoelectronic performances of LED
pixels would be affected by the series resistance. Here, it

FIGURE 5. (a) Vf variations in the row pixels in three individual columns.
Inset is the schematic diagram of measurement for the three columns,
(b) Vf variations in the columns pixels in three individual rows. Inset is the
schematic diagram of measurement for the three individual rows.

FIGURE 6. Light output power of LEDs located in the row pixels in three
individual columns.

is important to measure the emission light of LEDs with
the 3 columns and 3 rows under a driving current of
1 mA. Fig. 6 shows the output power of each row pixel
for columns 3, 33 and 61. The output power decayed with
the increase in the distance of pixel to p-contact, which was
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FIGURE 7. Light output power of LEDs located in the column pixels in
three individual rows.

FIGURE 8. Luminance and EQE of micro LED panel as a function of the
driving current, all LEDs in the panel were turned on, as shown in the
photo of the insert.

obviously caused by the series resistance increase as the dis-
tance of the row pixel to p-contact increased. It is worthy to
mention that the output powers of pixels located in different
columns but in the same row appear almost the same. On
the other hand, the output powers of pixels located in rows
3, 15 and 31 were also measured under the same driving
current and are shown in Fig. 7. The output power of the
three rows also decayed with the increase in the distance
of the pixel to the metal contact, but it was not as serious
as the output power behavior of the column pixels. This
could be attributed to the series resistance of the metal line
being low and not changing as much as the increase in the
distance of the pixel to the metal contact. The overall out-
put of the display panel was also measured; the maximum,
minimum and average value were 4.45 mW, 3.09 mW and
3.84 mW. There was a 44% output variation in the 1 cm
×5.6 mm display panel. The uniformity of the LED’s output
should be improved for display applications.
Moreover, it was interesting to measure the brightness of

the whole micro display. The luminance of the µD as a func-
tion of the driving current was measured and is shown in
Fig. 8. The brightness of the µD increased as the current
increased but the performance of the EQE decreased as the

FIGURE 9. Photos showing the micro-LED display in this study.

current increased. The 464 nits maximum brightness could
be obtained when the driving current was at 48 mA. The
performance was better than that of a commercially avail-
able OLED display of the same size. The photo of this
panel is shown in the inset of Fig. 8 where all of the LEDs
were turned on. Fig. 9 also demonstrates some photos of the
information shown by this micro LED display.

IV. CONCLUSION
In this study, we have demonstrated a red-light micro-LED
display with a resolution of 64 × 32 pixels with a pitch of
175 µm and a panel size of 1 cm ×0.5 cm. In this design,
the epilayer of LEDs was transferred to a transparent sap-
phire substrate using a wafer bonding technique. The ITO
was applied as one of the conducting electrodes of the illu-
mination surface, creating the benefit that the emitting light
is not shielded by metal electrodes compared to a traditional
LED. To analyze the I-V characteristics, the Vf of the LEDs
in a column line were increased as the distance of the pixel
to p-contact metal was increased, and there was a 28.7% for-
ward voltage variation in the 5.6 mm display panel. However,
this same phenomenon was not observed in the rows. The
major reason was that the series of ITO column lines were
higher than the metal row lines. The output power of LEDs
also showed the same effect in the column pixels, but no
issues were observed. It also should be pointed out that the
planarization process was a key parameter to the uniformity
of LED output power in this display. The overall output of
the display panel was also measured, and the maximum,
minimum and average values were 4.45 mW, 3.09 mW and
3.84 mW. There was a 44% output variation in the 1 cm
×0.5 cm display panel. The brightness of the micro LED
display went up to 464 nits as the driving current increased
to 48 mA which meant that the performance can be com-
peted with a commercially available OLED display of the
same size.
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