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Improved Performance of AlGalnP LEDs by a
Periodic GaP-Dish Mirror Array

Ping-Wei Huang and Yew Chung Sermon Wu

Abstract—A periodic GaP-dish mirror structure was introduced
into AlGaInP light-emitting diodes (LEDs) through wet etching
and Si wafer bonding process. It was found that the performance
of these GaP-dish LEDs was better than that of conventional LED
transferred to Si substrate (LED-C). In addition, the output power
of GaP-dish LEDs was increased with the decrease of GaP-dish
diameter. When the GaP-dish diameter decreased to 3 pm, the
output power reached 2.2 mW, which was two times higher than
that of LED-C.

Index Terms—AlGalnP, dish, light-emitting diode (LED),
mirror.

1. INTRODUCTION

IGH-BRIGHTNESS AlGalnP light-emitting diodes

(LEDs) have attracted considerable attention for their
versatile applications in traffic signals, full-color displays, and
lighting. Although the internal quantum efficiency of AlGalnP
LEDs has reached near 100% [1], the light extraction efficiency
is still low. This is due to the total internal reflection at the sur-
face and the absorption of downward light by GaAs substrate.
The total internal reflection problem can be solved by rough-
ening the top surface of the LEDs [2]-[4]. The light extraction
efficiency of LED was enhanced because the roughened surface
provided the photons multiple opportunities to escape the LED
surface. On the other hand, the absorption of GaAs substrate
can be solved by using distributed Bragg reflector (DBR),
mirror structure, or omnidirectional reflector (ODR) [5]-[9].

To enhance the light extraction efficiency of ODR LED, Lee
et al. introduced a stripe patterned at the bonding interface
[10]. The stripe pattern was defined on the GaP layer by the
inductively coupled plasma (ICP) system. It was found that the
output power of the stripe-patterned ODR LED exceeds that of
the ODR LED by a factor of 1.15. Unfortunately, the forward
voltage of the stripe-patterned ODR LED increased due to the
reduction of the p-ohmic contact region.

In this letter, to improve light output power of LEDs, a
periodic GaP-dish mirror array was introduced into the LEDs
through wet etching process. It was found that the output power
could be enhanced by a factor of 2. In addition, the forward
voltage did not increase.
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Fig. 1. Schematic illustration of LEDs: (a) LED-C, (b) GaP-dish LEDs, (c) the
GaP-dish mirror array of LED-7, and (d) side view SEM image of LED-3.

II. EXPERIMENTS

Two kinds of LEDs were transferred to Si substrates. Sam-
ples designated as “LED-C” were conventional LED transferred
to the Si substrate. The other samples were “GaP-dish LEDs”
composed of GaP-dish surfaces, as schematically illustrated in
Fig. 1(a) and (b). Three types of GaP-dish LEDs were investi-
gated. The distances between GaP dishes were all 3 um. They
were denoted as “LED-7"[7 um diameter, as shown in Fig. 1(c)],
LED-5, and LED-3, respectively.

The basic processes of these LEDs were almost the same.
The AlGalnP multiquantum-well (MQW) LED structures were
grown on GaAs substrates through metal-organic chemical
vapor deposition (MOCVD). The GaAs structure consisted
of an n-GaAs buffer layer, an n-InGaP etching stop layer, an
n-GaAs ohmic contact layer, an AllnP n-cladding layer, an
undoped (Alg.15Gag 85)0.5In0.5P MQW active region, an AlInP
p-cladding layer, and a 1.2-um p-GaP window layer.

To fabricate the GaP-dish LEDs, the dish structure was
defined on the GaP layer by the standard photolithog-
raphy and subsequently etched with a chemical solution
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Fig.2. (a) Schematic illustration of p-side-up LED-5 structure (before transfer
to Si substrate). (b) Current—voltage characteristic of the p-side-up LED-5.

of 1.5HC! : 1.5H202 : 7.0CH3COOH for 1 min [11]. An
ITO-Ni—-Ag—Ni mirror system was then introduced on the
etched surface to reflect the downward photons, as shown
in Fig. 1(b)[12]. The mirror system consisted of a 300-nm
indium-tin—oxide (ITO) current spreading layer, a 2-nm Ni
layer, a 200-nm Ag metal layer, and a 2-nm Ni layer. The LEDs
wafer was subsequently bonded to a Si substrate with a metal
layer[13].

After the bonding process, the GaAs substrate and the InGaP
etching stop layer were removed by chemical etching in solu-
tions of INH,OH : 10H305 and 1HC : 10H50, respectively.

The Au—Cr—-GeAu and Ti—Au were then deposited as n-side
and p-side electrodes, respectively. Finally, the wafer was cut
into 300 pmx 300 pm chips for the subsequent measurement.
For the purpose of comparison, the performances of these LEDs
were fabricated from a single LED epitaxial wafer with a split
wafer experiment. The samples described herein were only cut
into chips without encapsulation.

III. RESULTS AND DISCUSSION

Before transferring to the Si substrate, the performances of
LED-5 with various etching depths were investigated. Fig. 2(a)
shows this p-side-up LED structure. Fig. 2(b) shows the cur-
rent—voltage (/-V) characteristics of these LEDs. It was found
that the forward voltages of LED-5 were decreased with the
etching depth. This is because an increase of the GaP window
layer thickness (decrease of etching depth) would improve
current spreading throughout the LED area [14]. As shown in
Fig. 2(b), when the etching depth was less than 0.7 um, the
forward voltage of GaP-etched LED (2.72 V) was almost the
same as that of p-side-up LED-C without etching. For safety
reason, the etching depth for n-side-up GaP-dish LEDs was
selected as 0.45 pm.

Fig. 1(d) shows the side view SEM image of LED-3 GaP
surface after wet etching. The etched dish surface was smooth,
while the edge of dish structure was rough due to the side
etching. The etching depth was approximately 0.45 pum. The
GaP surfaces of LED-5 and LED-7 were like that shown in
Fig. 1(d). The only difference was the diameter of GaP dish.

Fig. 3 shows the /-V characteristics of LEDs (after transfer
to Si substrates). It was found that the forward voltages (at
20 mA) of LED-C, LED-3, LED-5, and LED-7 were 2.749,
2.712, 2.694, and 2.687 V, respectively. The forward voltages
of three GaP-dish LEDs were all lower than that of LED-C.
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Fig. 3. Current—voltage (hollow symbols) and output power—current (solid
symbols) curves of the LEDs.
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Fig. 4. Possible photon paths inside the structures of the: (a) LED-C and
(b) GaP-dish LEDs.

This is because the GaP thickness above GaP-dish structure
(= 1.2 — 045 = 0.75 pm) was thinner than the flat unetched
region (1.2 pm), as shown in Fig. 1(a) and (b). As a result,
the series resistance of GaP-dish LED was lower than that
of LED-C. In other words, the forward voltages of GaP-dish
LEDs were all lower than that of LED-C. In addition, as shown
in Fig. 1, the GaP-dish areas (thinner GaP area) increased with
the diameter of GaP-dish structure since the distance among
the GaP dish was all 3 pm. In other words, the series resistance
decreased with the increase of GaP-dish diameter. As a result,
LED-7 had the lowest forward voltage. Also, it is worth noting
that the dish structures were defined using a wet method, which
would not damage the surface.

Fig. 3 also indicates that the output powers of GaP-dish LEDs
were higher than that of LED-C. This is because the dish struc-
ture not only reflected the downward photons to the front side,
but also redirected the photons, which were originally emitted
out of the escape cone, back into the escape cone, as shown in
Fig. 4. In contrast, LED-C mirror could only reflect the down-
ward-traveling light, but not necessarily redirect the photons
back into the escape cone. Hence, the powers of GaP-dish LED
were higher than that of LED-C.

In addition, it was also found that the powers of GaP-dish
LED were increased with the decrease of the GaP-dish diameter.
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Fig. 5. Radiation patterns of LEDs: (a) LED-C, (b) LED-3, (c) LED-5, and
(d) LED-7.
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This is because, as shown in Fig. 1(d), only the edge of GaP-dish
structure was rough due to the side etching. Only this edge area
of the GaP dish could redirect the photons. The fraction of edge
area (total edge areas on the GaP to the area of GaP) is given by

_ 0.57Dh
"~ VB(d+D)?
1

where D is the diameter of the GaP dish, h is the etching
depth (= 0.45 pm), and d is the distance between GaP dishes
(=3 pm). When D decreased from 7 to 3 pum, the fraction
(F) increased. As a result, the powers of GaP-dish LED were
increased with the decrease of the GaP-dish diameter. When
D decreased to 3 um, the output power of LED-3 reached
2.2 mW, which was two times higher than that of LED-C.

Fig. 5 showed the beam patterns of the LEDs. The beam pat-
terns of GaP-dish LEDs were similar to that of LED-C. This is
because, as shown in Fig. 1(d), most of the GaP-dish surface
area was smooth, only the edge area of the GaP-dish structure
was rough.

IV. CONCLUSION

In summary, GaP-dish mirror LEDs were fabricated through
wet etching and wafer bonding process. The etched dish surface
was smooth, while the edge of the dish structure was rough. The
forward voltages of GaP-dish LEDs were all lower than that
of LED-C since the GaP thickness above GaP-dish structure
was thinner than the flat unetched region. The output powers
of GaP-dish LEDs were higher than that of LED-C because the
dish structure not only reflected the downward photons to the
front side, but also redirected the photons, which were originally
emitted out of the escape cone, back into the escape cone. In ad-
dition, it was also found that the powers of GaP-dish LED were
increased with the decrease of the GaP-dish diameter. When the
diameter decreased to 3 p4m, the output power of LED-3 reached
2.2 mW, which was two times higher than that of LED-C.

1443

ACKNOWLEDGMENT

The authors would like to acknowledge the technical support
from the National Nano Device Laboratory, the Center for Nano
Science and Technology, Nano Facility Center, and the Semi-
conductor Laser Technology Laboratory of the National Chiao
Tung University. They would also like to thank H. C. Kuo for
his valuable discussions.

REFERENCES

[1] G.B. Stringfellow and M. G. Craford, High Brightness Light Emitting

Diodes. Boston, MA: Academic, 1997.

Schnitzer, E. Yablonovitch, C. Caneau, T. J. Gmitter, and A. Scherer,
“30% external quantum efficiency from surface-textured, thin-film
lightemitting-diodes,” Appl. Phys. Lett., vol. 63, pp. 2174-2176, 1993.
[3] R. Windisch, B. Dutta, M. Kuijk, A. Knobloch, S. Meinlschmidt, S.
Schoberth, P. Kiesel, G. Borghs, G. H. Dohler, and P. Heremans, “40%
efficient thin-film surface-textured light-emitting diodes by optimiza-
tion of natural lithography,” IEEE Trans. Electron. Devices, vol. 47, no.
7, pp. 1492-1498, Jul. 2000.

C. Huh, K. S. Lee, E. J. Kang, and S. J. Park, “Improved light-output

and electrical performance of InGaN-based light-emitting diode by

microroughening of the p-GaN surface,” J. Appl. Phys., vol. 93, pp.

9383-9385, 2003.

H. Sugawara, K. Itaya, and G. Hatakoshi, “Characteristics of a dis-
tributed Bragg reflector for the visible-light spectral region using
InGaAIP and GaAs: Comparison of transparent- and loss-type struc-
tures,” J. Appl. Phys., vol. 74, pp. 3189-3193, 1993.

[6] R. H. Horng, D. S. Wuu, S. C. C. Wei, Y. Tseng, M. F. Huang,
K. H. Chang, P. H. Liu, and K. C. Lin, “Wafer-bonded Al-
GalnP/Au/AuBe/SiO-/Si light-emitting diodes,” Jpn. J. Appl. Phys.,
vol. 39, pp. 2357-2359, 2000.

[71 W.C.PengandY.S. Wu, “High-power AlGalnP light-emitting diodes
with metal substrates fabricated by wafer bonding,” Appl. Phys. Lett.,
vol. 84, pp. 1841-1843, 2004.

[8] T. Gessmann, E. F. Schubert, J. W. Graff, K. Streubel, and C. Kar-

nutsch, “Omnidirectional reflective contacts for light-emitting diodes,”

IEEE Electron Device Lett., vol. 24, no. 11, pp. 683-685, Nov. 2003.

T. Gessmann, H. Luo, J.-Q Xi, K. Streubel, and E. F. Schubert, “Light-
emitting diodes with integrated omnidirectionally reflective contacts,”
in Proc. SPIE, Bellingham, WA, 2004, vol. 5366, pp. 53-61.

[10] Y.J.Lee, H. C. Tseng, H. C. Kuo, S. C. Wang, C. W. Chang, T. C. Hsu,
Y. L. Yang, M. H. Hsieh, M. J. Jou, and B. J. Lee, “Improvement in
light-output efficiency of AlGalnP LEDs fabricated on stripe patterned
epitaxy,” IEEE Photon. Technol. Lett., vol. 17, no. 12, pp. 2532-2534,
Dec. 2005.

[11] T. Kambayash, C. Kitahara, and K. Iga, “Chemical etching of InP and
GalnAsP for fabricating laser diodes and integrated optical circuits,”
Jpn. J. Appl. Phys., vol. 19, pp. 79-85, 1980.

[12] Y. S. Wu and P. W. Huang, “Effect of Ni thin film on the reflectivity
of ITO/Ag mirrors of GaN light-emitting diodes,” Electrochem. Solid-
State Lett., vol. 22, pp. J82-J84, 2008.

[13] S. C. Hsu, D. S. Wu, C. Y. Lee, J. Y. Su, and R. H. Horng, “High-
efficiency 1 mm? AlGalnP LEDs sandwiched by ITO omni-directional
reflector and current-spreading layer,” IEEE Photon. Technol. Lett., vol.
19, no. 7, pp. 492494, Apr. 1, 2007.

[14] D. A. Vanderwater, I. H. Tan, G. E. Hofler, D. C. Defevere, and F. A.
Kish, “High-Brightness AlGalnP light emitting diodes,” Proc. IEEE,
vol. 85, no. 11, pp. 1752-1764, Nov. 1997.

[2

—

[4

=

[5

[ty

[9

—



