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GaN micro-light-emitting diodegmicro-LEDS with monolithically integrated microlenses have
been demonstrated. Microlenses, with a focal length giAdand a root mean square roughness of

~1 nm, have been fabricated on the polished back surface of a sapphire substrate of an array of
micro-LEDs by resist thermal reflow and plasma etching. The optical properties of the microlenses
have been demonstrated to alter the emission pattern of the LED emitters. The cone of light emitted
from this hybrid device is significantly less divergent than a conventional broad-area device. This
combination of micro-LED and microlens technologies offers the potential for further improvement

in the overall efficiency of GaN-based light emitters. 2004 American Institute of Physics.

[DOI: 10.1063/1.1690876

A wide range of approaches in epitaxy, processing and70 nm. The back side of the sapphire was polished for
packaging has been explored in order to improve the effioptimal light extraction. Details of the micro-LED fabrica-
ciency of gallium—nitride-based light-emitting diodes. Ad- tion process are reported elsewh&fevicrolenses were fab-
vanced epitaxial techniques have produced multiquanturricated on the polished sapphire surface at locations aligned
well (MQW) structures with external quantum efficiency asto emitters that formed the micro-LED array. The micro-
high as 30%. In terms of device processing, one break-lenses were fabricated using a thermal resist reflow
through has been the practical introduction of the concept ofechnique’. Photoresist microdisks with a nominal thickness
arrays of micro-light-emitting diodegnicro-LEDs.>® Such ~ of 7 um were patterned by standard photolithography and
micro-LEDs, consisting of arrays of emitter elements withsubsequently shaped into a lenticular shape on a hotplate at
typical individual diameters of 4—2@m, have proven effec- 115°C for 15 min, and the lens pattern was transferred into
tive in increasing the extraction efficiency through enhancedhe sapphire by inductively coupled plasii@P) dry etch-
sidewall area and reduced optidak)absorptiorf Recently,  ing. A maximum etch rate, based on & @Cl;/Ar plasma,
flip-chip packages have been adopted for gallium—nitride?f 120 nm/min was achieved.

LEDs? enabling the extraction of light through the transpar-  The |-V characteristics of the devices were measured
ent sapphire substrate, as opposed to light extraction throughth @ HP4145 parametric analyzer while the profile and

a semitransparent current spreading layer on the device sufmoothness of the microlenses were examined by atomic

face. Flip-chip packages for the nitride devices are compliforcé microscopy(AFM) in the tapping mode utilizing a

cated and costly, however, this approach offers potential usgidital Instruments multimode Nanoscope llla. The resulting
of a sapphire substrate, which is commonly used for nitriderad'at'on pattern of light emission from the combined LED

metalorganic chemical vapor depositiédOCVD) growth, and lens array was recorded u;ing a rotating a Iight.detecF'or
as a material in which optical elements can be integrated int entered on the axis of the device. In a spegally deS|gneq 19
optical devices the LED array was held at the center of a circle about which

In this Iette.r the concept of micro-LEDs and light ex- a photodiode detector was constrained to move. The silicon
traction through the sapphire face are combined into a singlgetector was mounted bekira 1 mmaperture to give an

. : . = angular resolution of 5° for the distribution of light.
device. Furthermore, microlenses have been integrated into . . . S
In order to determine the optical properties of individual

the dewce_ n reg|stry with |nd|V|du_aI ”?'Cfo'_LED emitting elements of the microlens array an array of microlenses was
elements m_order to improve the dlrec_tlonahty and to dem'fabricated, using the same technique, on a separate double-
onstrate opucal control of the light eml_tted. sided polished:-plane sapphire substrate. The diameter and
The micro-LED arrays were fabricated on MOCVD- poiont of the fabricated microlenses were 20 and /r5,
grown InGaN/GaN LED wafers using sapphire as the subgeqpectively, measured using AFM, giving a calculated focal
strate and multiquantum wells designed for light emission aFength of 43um using the method described by Odsral®
based on a refractive index of 1.8 for sapphire at a wave-

aAuthor to whom correspondence should be addressed; electronic malength of 470 nnY.An AFM image of a microlens array is
anthony.choi@strath.ac.uk
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FIG. 1. 50<50 um? AFM plot of a microlens array plasmaetched onto
sapphire. The rms roughness was determined to be 1 nm.

shown in Fig. 1. From these plots the root mean squane)
roughness of the lenses was determined to be better than
nm, or \/470, ensuring high optical quality.

The optical performance of the lenses was evaluated us
ing a technique that utilized a confocal microscope operating
in both reflection and transmission mode through the lens ®
array. Full details OT this t.eChmque wil be. published eISe-FIG. 3. (&) Schematic diagram of the device, showing the microlens array
where. A cross-sectional view of the combined confocal im-yy the sapphire face and the microdisk array on the GaN fagethree-
age is shown in Fig. 2, demonstrating both the reflectiordimensional image of the hybrid structure.
from the lens surface and the focusing power of the lens on
the light transmitted. The images were analyzed using co
mercial softwargMetamorph, giving an effective focal dis-

Mected from the LED with microlenses, this is mainly attrib-

uted to light extraction from the sapphire surface. In fact,
+
tance of 44(+1.5 um) from the apex of the convex surface 23% more light was collected from the LED with a lens at

of the lens array. This is in good agreeme'nt with the valu —20mA, higher than the theoretical prediction of 15%.
calculated from the curvature measured using the AFM datal'his is mainly due to the directionality of the light emitted.

For the integrated monoIiFhic device_, a microlens ATy The main advantage of this integrated device lies in its
mztsr;?ebdncir?t(teﬁeogegiek:jag::hsé?r?afc)i:: ?nm;?;;g;zgnlfgb)as II'emission charaqteristi_cs. A plot_ of the angular d@stripution of
Note that thick Ni/Au metal bilayer§&20 nm/300 nm weré f[he _normahzeql Intensity emission _from th_e d_evu:e IS ShOV_V”
employed as the current spreading layer for contact, and in Fig. 5, and is compared to the light emission characteris-

' fics of a conventional broad-area device with light emission

matched those of the micro-LED emitters. However, due toﬁom the top surface. The peak output of each device was

the difficulties of aligning two different planes 350n apart normalized to illustrate the relative spregd (_)f the two out-
. . : puts. It can be seen that the angle of emission from the de-
on either side of the sapphire substrate, an errat-2fum

can be expected. As a result, light emitted from the MQW,Vlce is significantly reduced compared to the device without

together with the light reflected from the bottom metal mir- & lens. The energy output from the broad-area device is uni-

ror, could be collected by the sapphire microlenses. By exformly distributed, with a full emission angle of nearly 180°,

; : 0 o
tracting blue light from the sapphire side+1.8 at 470 nm and an intensity of 80% of the peak even at an emission
instead of the GaN sidenE&2.4 at 470 nmy an increase in

extraction efficiency of approximately 15% can be expected. [ ! T " T ' T ' ]
Nevertheless, the integration of microlenses into the de- - | —=—Broad-area LED I .
vice does not significantly affect its extraction efficiency. The [ | —*—LED with microlens ]
L—I characteristics of the LED with a lens, comparedtoa 5 } / 1
conventional broad-area LED without a lens with an identi- < [ . ]
cal light-generation arehare shown in Fig. 4. Light was 2L .
collected with a Si detector situated 5 mm above the emis- & [ /' ]

sion surface of the devices. Although more light was col- E. ¢ -
St / _— ]
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FIG. 2. Cross-sectional image showing light pathways through the sapphir€lG. 4. Comparison of —I characteristics of the microdisk LED with mi-

microlens array obtained by confocal microscopy. crolenses and those of a broad-area LED.
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L e e L A B B L B R rently under investigation in order to further improve the
directionality of light emission. Some considerations include
. the optical pathway between the light emission region and

10

... ] the microlensegby reducing the thickness of the sapphire

08 he ™" e substrate by lappingand tailoring of the focal length of the

2 microlenses for specific purposes.
5 In summary, a microdisk LED with an integrated micro-
ﬁ il ’ lens array was demonstrated. Despite the hardness of the
% sapphire substrate, a microlens array was transferred onto the
S 04r 1 back side of the polished LED sample, with rms roughness

of better than 1 nm. The focal lengths of the microlenses
. were determined experimentally to be around /4#. The

capability of the lenses in concentrating light emitted from
microdisk LEDs was demonstrated. Such monolithic integra-

—m— LED with microlens
02 ---@---Broad area LED

0.0 [ " 1 1 1 " 1 " i 1 N 1 1
80 60 -40 -20 0 20 40 60 80 tion of micro-optic elements eliminates the need for external
Angle (degrees) optics and thus increases the overall efficiency of the optical
system.

FIG. 5. Comparison of the angular distribution of light emitted from a
microlens-microdisk LED and from a broad-area device.
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