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Performance enhancement of InGaN light-emitting diodes by laser lift-off
and transfer from sapphire to copper substrate

Bee Sim Tan® and Shu Yuan®
School of Materials Engineering, Nanyang Technological University, Singapore 639798, Singapore

Xue Jun Kang
Nitride Technologies Pte Ltd., Science Park 2, Singapore 117610, Singapore

(Received 15 September 2003; accepted 18 February) 2004

Laser lift-off technique was employed to carry out transfer of prefabricated InGaN
multiple-quantum-well light-emitting diodgé EDs) from sapphire onto Cu substrate. Silver epoxy

was used as the bonding material. Characterization results showed tremendous device improvements
in terms of maximum allowable current, light output power, and reliability from the use of
conductive Cu substrate. LEDs on Cu could withstand a maximum current of 530 mA before
breakdown while those on sapphire could only withstand 350 mA. At 40 mA, light output power of
LEDs on sapphire and Cu was 0.74 and 0.95 mW, respectively. In addition, reliability test at
constant current of 300 mA showed improvement in light output power for LEDs on Cu whereas
LEDs on sapphire suffered deterioration with time. 2004 American Institute of Physics.
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Current gallium nitridgGaN) based device technologies was first demonstrated by Kellgt al! with the third har-
include light-emitting diodegLEDs), laser diodes(LDs), monic of aQ-switched Nd:YAG laser beam directed through
and UV detectors on the photonic side and high temperaturthe transparent sapphire which can rapidly and effectively
microwave power and ultrahigh power switches on the elecseparate GaN thin films from its growth substrates. Wong
tronic side. With the recent development of high quality GaNet al>* have also reported pulsed UV laser processing of
crystalline film, there has been rapid progress in the develGaN thin films using a KrF excimer laser at 5 eV of wave-
opment of high brightness blue LEDs and cw LDs at roomlength 248 nm whereby GaN is thermally decomposed at the
temperature. interface and, thus, separated from sapphire. At this wave-

One problem associated with conventional GaN-basedfngth, itis well above the absorption edge of GaN of 3.4 eV

LEDs is the use of nonconductive sapphire substrate. Saﬁ_—”d sapphire is transparent. Characterization of the GaN thin
phire is still the most common substrate for the growth offilm before and after LLO had shown no detectable degrada-

GaN due to its relatively low cost, high temperature stability,t'on of GaN crystal structural, chemical, optical, and electri-
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similar crystal symmetry with the 11l nitrides, large band gap, ¢@! qqal|ty?h first d . H
and epi-ready surface quality. Lots of constraints are im- tS(Ijnfﬁ tt ese ¢ Irst ¢ emfo IgsFra?ogsé Olil eL:Egroupz i?:;)n re-
posed on the film quality because of the lattice and thermalPOr'€d e transier ot prefabncated t>a s an s on

; -9 0-14 ;
expansion coefficient mismatch between the sapphire an pphire, onto C® and St substrates to improve heat

GaN. Most important, the poor thermal conductivity of sap- issipation of the (_)ptoelectronlc dey|ces. Much work is fo-
. - o cused on transferring LEDs onto Si and LDs onto Cu sub-
phire has prevented efficient dissipation of heat generated bg/ . . O
high-current devices, such as LDs and high-power transi >trates by using Pd—In bonding proc&sihich is a stable
9 ' gn-p Sh'gh temperature intermetallic bond. Although Tavernier

tors. The high thermal resistance of sapphire substrate and= | 10 attempted transfer of GaN LEDs onto Cu, their re-

the relatively high current densities combine to degrade th‘gults showed deterioration in electrical properties. Here,

device performance and lifetimes due to excessive heatinﬁwere was no damage on the LEDs after LLO and transfer. In
from the active area during operatlgn. As a result, many rexqdition, the highest reported current that was tested on GaN
search groups have attempted to integrate GaN with othq_rEDsls on sapphire and LBson sapphire and Cu are 150
more conductive materials. One advantage of using an elecy,4 300 mA, respectively. To our knowledge, reliability of
trically conductive substrate is that backside ohmic contactgsgn ED has not been studied under high constant current
to GaN-based devices are made possible and this is not &t 300 mA. Furthermore, the maximum current that can be

tainable with a sapphire substrate. . sustained by LEDs on sapphire and Cu after LLO was first
A more viable means of materials integration for GaN reported here.
thin films with dissimilar materials is through wafer-bonding In this work, InGaN multiple-quantum-wellMQW)

and thin-film laser lift-off (LLO) techniques. The process |ED structures were grown by metalorganic chemical vapor
would allow a prefabricated device structure on sapphire t@jeposition orc-face sapphire substrates. The epitaxial layers
be transferred onto a new host substrate. The LLO processonsist of a lum-thick undoped GaN as buffer layer, a
2-pm-thick n-type Si-doped GaN cladding layer of concen-

SElectronic mail: ps7821122i@ntu.edu.sg tration 1x 10'8 cm‘3,_ a five GaN/InGaN MQW active re-
PElectronic mail: shu.yuan@ieee.org gion, and a 0.3:m-thick p-type Mg-doped GaN upper clad-
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FIG. 1. Maximum allowable current of LEDs on sapphire and Cu substrate=IG. 2. L—I curves for LEDs on sapphire and Cu substrate. Inset shows the
before LED breakdown. The inset illustrates probe placements- and measurement configuration which consists of the Si detector mounted di-
n-metal pads during measurement. Five LEDs from each substrate wer@ctly above the LED so light emitted from the top surface of the LED was

tested at room temperature and in cw mode. Current was applied from 1 mAollected by the detector to obtain these results. At 40 mA, the light output
and step increased by 10 mA after holding each step for 5 s. This continue®r LED on sapphire and Cu was 0.74 and 0.95 mW, respectively.

until the LED burnt out. The highest current at which the LED burnt out is

defined as the maximum allowable current. Results for LEDs on sapphire

were more scattered while those on Cu were more consistent. LEDs on Ca heatsink such that the cooling of LED was much more
were able to withstand a higher amount of current before breakdown. efficient than on sapphire substrate.

Figure 2 shows the comparison of light output power
ding layer of concentration 810" cm 3. The center versus currentl(—I) results for LEDs on Cu and sapphire.
wavelength of the InGaN MQW LED is 463 nm. Standard The inset shows the measurement configuration that was em-
InGaN MQW LEDs of 300x 300 um? were first fabricated ployed during the light output power measurements. It con-
on the sapphire by photolithography, inductively coupledsists of the Si detector mounted directly above the LED and
plasma etching, and thin-film deposition. Before LLO, thecurrent was applied through the probes. The detector above
sample was cleaved to dimensions of3mn?. LLO was thus collected light emitted from the top surface of the LED.
then done to separate the LED thin film from sapphire. InObviously, LEDs on Cu produced stronger light output
this work, the same LLO method used by Woeigal3 was  power than that of sapphire. At 40 mA, the light output for
used to separate sapphire from the epitaxial layers. A singleED on sapphire and Cu was 0.74 and 0.95 mW, respec-
600 mJ/cm, 23 ns KrF (248 nm excimer laser pulse was tively. It was about 29% stronger. This is again attributed to
directed through the transparent sapphire substrate. The ative superior thermal conductivity of Cu. The results again
sorption of the laser at the GaN/sapphire interface induces proved the work of Wonget al.”~® that Cu is a much more
highly localized, rapid thermal decomposition of the GaN,promising substrate than sapphire because the thermal im-
producing metallic Ga and Ngas® After LLO, heating the pedance was reduced and light output power was increased
interface above 30°C allows easy separation of the GaNor devices on Cu rather than sapphire. Mathénel 1® also
from sapphire and the LED membrane was transferred to Ctransferred GaAs vertical-cavity surface-emitting lag¥G-
substrates using silver epoxy as the bonding material. SEL9 from their original GaAs substrates to Cu substrates

Current—voltage (V) characteristics of the LED were and their results showed a doubling of the light output power
measured before and after LLO and transfer onto Cu. Therand a 20% reduction in the thermal impedance. The external
was no deterioration in the electrical properties of the LEDquantum efficiency at 40 mA was calculatédo be about
after LLO. Therefore, LLO did not cause any damage to thed.73% and 0.44% for LED on copper and sapphire, respec-
LED. The LEDs were then tested at room temperature on &vely. In comparison with the work of Wonet al,'® the
probe station and in cw mode. This measurement was donalues presented here are relatively lower. This may be due
by applying current from 1 mA and step increased by 10 mAto the low epitaxial quality of the original wafer which was
after holding each step for 5 s. This continued until the LEDcommercially purchased and also the device fabrication pro-
burnt out. We define the highest current at which the LEDcesses that were not yet optimized.
burnt out as the maximum allowable current. This was visu-  Light output power versus time was measured to study
ally detected as the blue light went off immediately. Thethe reliability of the LEDs on Cu and sapphire substrates.
results are shown in Fig. 1. The inset illustrates the probdhe extreme conditions under the test were able to differen-
placements orp- and n-metal pads during measurement. tiate the distinctive performance of a conductive substrate
Five LEDs were tested for each type of substrate. It can bérom a nonconductive one. The applied current was high
seen that results for LEDs on sapphire were more scatterezhough to cause deterioration to the LEDs in a short period
while those on Cu were more consistent. As expected, LEDsf time. Constant current of 300 mA was applied to the
on Cu were able to withstand a higher amount of currenLEDs on both sapphire and Cu substrates. The light output
before they broke down. The excellent thermal conductivitypower was then monitored for 60 min. The results are shown
of Cu enabled the LEDs to sustain current as high as 53th Fig. 3. First, the output power of LED on Cu is stronger
mA. The maximum current of 350 mA for sapphire is still than that of sapphire. At the beginning, its light output power

way lower than that of Cu. In fact, the Cu substrate acted asas 36% stronger than that of sapphi{@e90 versus 1.41
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28] At1=300 mA localized and trapped for a longer time. Excessive heating in
26 NN the LED will reduce the quantum efficiency and enhance
7 v'v.vv'”"/ diffusion of impurities as well as migration of dislocatioffs.
s 244 —e— LED on sapphire In addition, its lifetime will reduce at higher temperature.
2]/ —¥—LEDGh Cis That is why the LED started to deteriorate with time. This
H 2.0_] indeed emphasizes the outstanding performance of Cu as a
g substrate for GaN LED. Cu indeed is a promising material
2 184 for the substrate of applications which demand high power
216 e and high temperature capabilities. In addition, Cu offers an
1.4 18" S| added degree of freedom in device configuration. The excel-
. lent heatsink property of Cu substrate has directly improved

y g y g ! y the performance of the GaN devices and the devices can be
0 10 20 30 40 50 60 . . . . .

. . reconfigured into a vertically connected device with back

Time (min) -
side contacts.

FIG. 3. Reliability testing of LEDs on sapphire and Cu substrate. Constant ~ 1he LLO technique was employed to carry out transfer
current of 300 mA was applied to the LED for 60 min. At the beginning, of prefabricated LEDs from sapphire onto Cu substrate.
light output power of LEDs on Cu was 36% stronger than that of sapphireLED n Id withstan maximum current of mA
(1.90 vs 1.41 mW. At the end of 60 min, this value shot to 87®.73 vs bef S Ob Cukgou d ;.ls’tah dama u h.CU € |td0 5|30 ith
1.46 mW. This disparity was brought about by the steady increase in light efore breakdown while t O_Se on sapphire could only with-
output for LED on Cu and also the deterioration of LED on sapphire with Stand 350 mA. At 40 mA, light output power of LEDs on
time. sapphire and Cu was 0.74 and 0.95 mW respectively.
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