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We present a detailed study on the optimization of rapid thermal annealing (RTA) on GaN-based light emitting
diodes (LEDs). 14 mil × 28 mil GaN-based LED chips are fabricated with indium tin oxide (ITO) layer treated by
RTA under various temperatures and times. Through the optical and electrical property analyses of ITO film, it is
found that the transmittance and sheet resistance are improved after RTA process due to the better ITO crystal-
lization and bigger grain size, comparedwith ITO treated by conventional furnace annealing. By employing elec-
troluminescence measurement for the LED chips with RTA treatment, the forward voltage is found to be low as a
result of low sheet resistance and contact resistance, and light output power (LOP) is high due to high ITO trans-
mittance and good current density uniformity. Under RTA temperature of 550 °C and time of 3min, the optimized
LOP and forward voltage at 60mA injection current are 71.2mWand 2.97 V, respectively. Moreover, the reliabil-
ity of the chips with RTA is better than those with furnace annealing.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

With the development of GaN-based light emitting diodes (LEDs),
more and more attentions have been focused on their use in backlights
for liquid–crystal displays and cell phones, exterior automotive lighting,
traffic signals, etc. [1,2]. Due to high acceptor activation energy, the free
hole concentration is low in p-GaN, indium tin oxide (ITO) is used as the
current spreading layer for its low optical absorption coefficient and
high electrical conductivity. However, although significant progress
has been made in the growth and processing technology of LEDs, poor
Ohmic contact at ITO/p-GaN interface is still a problem. Large contact
resistances result in high chip forward voltage, low light extraction effi-
ciency and increase LED junction temperature, which eventually lead to
the degradation of GaN-based LEDs [3,4]. In order to obtain optimum
performance of conventional GaN-based LED chips, it is important to re-
alize low resistance thermal stability and uniform Ohmic contact be-
tween ITO and p-GaN.

In the fabrication process of GaN-based LED chips, after ITO films are
deposited on top of p-GaNby evaporation in vacuumcircumstance, they
are usually treated by furnace annealing to formOhmic contact [5], dur-
ing which the heating rate is low and parasitic resistance induced by
poor contact at the ITO/p-GaN interface is high. In order to obtain
good electrical properties, other annealing methods should be consid-
ered to guarantee good contact. In the past few years, rapid thermal
annealing (RTA) has gained acceptance as themainstream thermal pro-
cess in semiconductor manufacturing industry. During RTA process, the
wafer could be heated up and cooled down quickly, thus reducing the
solid-state diffusion of dopants introduced in the previous fabrication
steps, leading to a low parasitic resistance. Some publications have re-
ported the application of RTA on LEDs [6,7], however the researchers
mainly focus on the device performance of LED chip with RTA treat-
ment. The mechanism of optical and electrical property improvement
due to RTA still needs to be further studied.

In this paper, we presented a detailed investigation on the RTA pro-
cess applied in the GaN-based LED chip fabrication, the mechanism of
RTA applied on LEDs was analyzed, and various temperatures and an-
nealing times were chosen to optimize RTA condition. In addition, de-
vices with furnace annealing were made for the sake of comparison.
After RTA treatment, the electrical and optical properties of ITO films
under various RTA conditions were studied.
2. Experimental details

The GaN epilayers used in this study were grown on (0001) sapphire
substrates bymetalorganic chemical vapor deposition using hydrogen as
the carrier gas, and trimethylgallium, trimethylindium, and ammonia
were used as Ga, In, and N sources, respectively. Silane and bis-
cyclopentadienyl magnesium were used as n-type and p-type dopants,
respectively. The LED epitaxial structure was as follows: GaN buffer
layerwas deposited on the sapphire at a temperature of 520 °C, followed
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by 2.5 μmthick undoped-GaN and2 μmthickSi-dopedn-GaN at 1150 °C;
the undoped InGaN/GaN multiquantum well (MQW) active region was
grown at 780 °C, and finally, a 150 nm thick Mg-doped p-GaN epilayer
was grown at 1050 °C; and the InGaN/GaNMQWactive region consisted
of 11 pairs of 3 nm thick InGaN well layer and 9 nm thick GaN barrier
layer. The as-grown LED wafers were subsequently annealed at 750 °C
in N2 ambient temperature to activate Mg in p-GaN.

To guarantee the performanceuniformity, LEDwafers from the same
epitaxial run were selected to perform the following chip processes,
whichwere implemented by using standard chip processing techniques
including photolithography, inductively coupled plasma (ICP) etching,
and electron-beam (E-beam) evaporation, etc. After photolithography,
these wafers were partly etched by ICP until the n-GaN layer was ex-
posed. Prior to ITO deposition, the samples were dipped into sulfuric
acid hydrogen peroxide solution (H2SO4:H2O2 = 3:1) for 2 min, and
rinsed in running deionized water to clean the p-GaN surface. After-
wards, the ITO film with a thickness of 110 nm was deposited on
these samples in E-beam evaporation chamber under a vacuum pres-
sure of 3 × 10−6 Torr, with processing temperature of 300 °C and depo-
sition rate of 1 Å/s. Then the wafers with the ITO film were rapidly
annealed at various temperatures (400–700 °C) and annealing times
(1–10min) in N2 atmosphere, while onewaferwas subjected to furnace
annealingunder standard industrial condition (500 °C, 10min,N2 atmo-
sphere). Finally, Cr/Au was evaporated to form p-type and n-type elec-
trodes. By utilizing grinding and polishing, thesewaferswere thinned to
120 μm thickness, then scribed and broken into 14 mil × 28 mil GaN-
based LED chips, thus the chip fabrication was finished. Fig. 1 gives the
real picture and schematic cross-section view of GaN-based LED chip.

3. Results and discussion

3.1. Characteristic of ITO film

During the deposition of ITOfilm, the glass substrateswere loaded in
the E-beam evaporation chamber accompanied with GaN-based LED
wafers to monitor the sheet resistance and transmittance of ITO film,
which are important electrical and optical parameters to characterize
ITO quality. After deposition, we tested the ITO film on glass substrate
by using standard four-point probe technique and spectrophotometer.
The sheet resistance (average of several measurements at different
Fig. 1. Optical micrograph (upper) and schematic cross-section view of GaN-based LED
chip (bottom).
positions on the sample) and transmittance of ITO film prior to anneal-
ing were measured as 9.2 Ω/□ and 91.2% (at 460 nm), respectively.
Transmittance was normalized with respect to the glass substrate.
Then, the glass substrates with the ITO films and other LED wafers
were rapidly thermally annealed at various temperatures and times in
N2 ambient temperature. Temperature ramping speed was 20 °C/s,
and N2 flow rate was 7 L/min. At the same time, in order to compare
the effect of furnace annealing to that of RTA, one piece of glass with
the ITO film and one LED wafer were annealed in conventional furnace
under standard industrial condition instead of RTA.

After annealing process finished, the parameters of ITO films at differ-
ent annealing conditions were measured again by testing ITO films on
glass substrates. Figs. 2 and 3 give the transmittance and sheet resistance
of ITO films under different RTA temperatures and annealing times, re-
spectively. It is seen that at a certain annealing time, the transmittance in-
creases slightly in low temperature range, and then decreases after the
temperature exceeds 550 °C. While the sheet resistance decreases firstly,
and then increases. In comparison, the transmittance and sheet resistance
of ITO film after furnace annealing are 98.3% and 12.5Ω/□, respectively.

The as-deposited ITO films are amorphous, and annealing can ar-
range atoms to form stable polycrystalline films. With the increase of
annealing temperature, the degree of ITO crystallization is enhanced
[8]. Moreover, the stress of ITO films formed during deposition process
is better released [9]. These lead to high Hall mobility, as well as im-
proved transmittance due to the reduced light absorption. At the same
time, the neutral tin atoms diffuse to occupy some host lattice sites.
This will increase the cations, and then oxygen vacancies increase. Due
to the high Hall mobility and increment of oxygen vacancies after an-
nealing, the conductivity of ITO film improves. When the annealing
temperature is over 550 °C, lattice distortionwill decrease Hall mobility,
which then plays a more important role in the variation of ITO conduc-
tivity than the increment of oxygen vacancies, thus the conductivity de-
creases [10]. Moreover, the lattice distortion reduces the transmittance
due to light absorption.

The sheet resistance determines the conductivity of ITO film, especial-
ly for the in-plane conductivity, which influences the current uniformity
in InGaN/GaNMQW. Sheet resistance is affected significantly by electron
mobility. To further understand sheet resistance variations, scanning elec-
tronmicroscope (SEM)measurements are carried out for all of these sam-
ples. Fig. 4 presents the SEM micrographs for ITO films with furnace
annealing, as well as with RTA under different temperatures at 3 min an-
nealing time. It can be seen that the grain size is smaller for ITO film
annealedby furnace than those byRTA.With increasingRTA temperature,
ITO grain evolves from small size to big one, then small size again. Since
the annealing temperature is from 400 °C to 700 °C (the time is from
Fig. 2. Transmittance of ITO films under various RTA temperatures at annealing times of
(a) 1 min, (b) 3 min, (c) 5 min and (d) 10 min.



Fig. 3. Sheet resistance of ITO films under various RTA temperatures at annealing times of
(a) 1 min, (b) 3 min, (c) 5 min and (d) 10 min.

2265H.L. Hao et al. / Microelectronics Reliability 55 (2015) 2263–2268
1 min to 10 min), under which the crystal grain has formed and grain
boundaries become apparent. Suppose that grain boundary scattering
functions as themain scattering mechanism for ITO films after RTA treat-
ment [11], sheet resistance Rs can be expressed as [12]:

Rs ¼ 1=nqμgt ð1Þ

where

μg ¼ δqð Þ= 2πm�
nKT

� �1
2 exp −

ϕb

KT

� �
: ð2Þ

Here n is the free electron concentration, q is the electron charge, μg is
the electronmobility dictated by grain boundary, t is the film thickness, δ
Fig. 4. SEM micrographs for ITO films treated by (a) furnace annealing, (b)
is the grain size,mn⁎ is the electron effectivemass,ϕb is the grain boundary
potential barrier, K is the Boltzmann constant and T is the absolute tem-
perature. For the small grain size, electrons are frequently scattered by
the boundary when passing through ITO film, which results in the low
electron mobility. It is evident that the sheet resistance is approximately
inversely related to electron mobility, so the conductivity of ITO film is
better after RTA treatment than that after furnace annealing. For other an-
nealing times, ITO grain exhibits the same evolution with temperature,
and the lowest sheet resistance (7.6 Ω/□) and highest transmittance
(98.9%) can be obtained when RTA condition is 550 °C at 3 min.

3.2. Optical and electrical properties of LED chips

In order to investigate the optical and electrical properties of LED
chips, room-temperature electroluminescence characteristics were
measured by injecting 60 mA DC current into the fabricated LED chips
on wafers. Fig. 5(a) and (b) displays the light output power (LOP) and
forward voltage (VF) for LED chips on thewafers under different ITO an-
nealing conditions, respectively. Note that different wafers were sub-
jected to different annealing conditions. There were thousands of LED
chips on each wafer, and LOP and voltage values were the average
values for the chips on each wafer. From Fig. 5(a), it is found that
under fixed annealing time, LOP increases with temperature first, and
then decreases in high temperature range. However, LOP exhibits differ-
ent tendencies with time at different RTA temperatures. In total, LOP
varies from 68.8mW to 71.6mW (for the chip with ITO furnace anneal-
ing, LOP is 69.2mW), the variation of which is affected by ITO transmit-
tance and sheet resistance. High transmittance means low light loss
when the photons generated in InGaN/GaN MQW pass the ITO layer,
thus leading to high LOP. However, high sheet resistance indicates bad
in-plane conductivity of ITO, resulting in the insufficient current spread-
ing, which intensifies the current crowding [13,14]. As a result, non-
uniform current density occurs in InGaN/GaN MQW. The resulting
local device heating and low photon generation efficiency of active
RTA-550 °C, 3 min, (c) RTA-400 °C, 3 min, and (d) RTA-700 °C, 3 min.



Fig. 5. LOP (a) and VF (b) of LED chips treated with different RTA conditions.

Fig. 6. (a) Schematic view of processed TLM patterns; (b) specific contact resistance of the
ITO/p-GaN interface as functions of RTA temperatures and times.
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region induce low LOP. Therefore, we can see that the variation of LOP
correlates to that of ITO transmittance and sheet resistance as shown
in Figs. 2 and 3.

It is seen from Fig. 5(b) that with increasing RTA temperature, VF de-
creases first and then increases. For comparison, the average VF of LED
chips on LED wafer with furnace annealing is 3.06 V. It is known that
VF is impacted by sheet resistance of ITO, as well as the interface status
between ITO layer and p-GaN. To further analyze VF variation under dif-
ferent annealing conditions, we employed the square transmission line
model (s-TLM) to study the specific contact resistance at the interface
between ITO layer and p-GaN. Fig. 6(a) shows the schematic view of
TLM array structure fabricated in LED wafers, the area of each TLM
pad is 200 μm (L) × 700 μm (w), the distance between two neighbor
TLM pads is marked as di (i = 1,2… 5), and the width of the outermost
square p-GaN is 720 μm (z). Due to that (z–w)≪w, according to s-TLM
model [15,16], the total resistance Ri between the contacts is expressed
as:

Ri ¼
Rsh

z

� �
� di þ 2 � Rc; i ¼ 1;2…5 ð3Þ

ρc ¼
R2
c � z
Rsh

: ð4Þ

Here, Rsh is the sheet resistance of p-GaN layer, Rc is the contact re-
sistance, and ρc is the specific contact resistance. To get the influence
of various RTA conditions on ρc, current–voltage measurements were
taken on TLM patterns. Through lineally fitting the experimental data,
Rsh and Rc can be obtained, and then ρc can be calculated for the chips
under different ITO annealing conditions, as shown in Fig. 6(b).

We find that ρc has a similar relationshipwith RTA conditions as that
of VF, indicating that besides ITO sheet resistance, ρc plays an important
role in forward voltage change after ITO annealing. During RTA process,
gallium atoms diffuse out from p-GaN to the ITO contact and create gal-
lium vacancies, and indium atoms diffuse from the ITO contact to galli-
um vacancy sites in addition to the diffusion of Sn and O to GaN,
therefore forming a mixed interfacial layer at the ITO/p-GaN interface
composed of InxGa1 − xN, InxGayOz, etc., which could reduce the barrier
height and decrease contact resistance [17]. For high annealing temper-
ature and long annealing time, the excessive intermixing of materials at
the interface due to excessive annealing will increase the barrier width,
resulting in high contact resistivity [18]. It is also seen that under long
annealing time, ρc is higher at most annealing temperatures than that
under short annealing time, indicating that good contact has already
been formed for short time annealing, while long annealing duration in-
duces the contact deterioration. In the case of furnace annealing, the in-
terface materials could not be intermixed ideally due to the low
temperature ramping rate, thus leads to a high ρc (7.5 mΩ cm−2).
Through the optical and electrical property investigations of the chips,
the highest LOP (71.2 mW) and lowest VF (2.97 V) can be obtained
when ITO is rapidly thermally annealed at 550 °C for 3 min.

To study the optical and electrical performances of LED chip at differ-
ent driving currents, we tested the LOP–current and VF–current relation-
ships for the chips with RTA under 550 °C at different annealing times,
accompanied with that of furnace annealing, as presented by Fig. 7. In
this measurement, unpackaged chips were used and all of these chips
weremeasured onwafers. It demonstrates from Fig. 7(a) that at different
currents, LOP for the chips with RTA annealing is higher than that of the
chips with furnace annealing, showing better optical characteristic of



Fig. 7. LOP–current (a) and VF–current (b) relationships for the chips with RTA under
550 °C at different annealing times. The inset shows the emission image of LED chip
with a driving current of 5 mA.

Fig. 8. Normalized LOP (a) and VF (b) variations of the chips during accelerated aging test
under 90 mA driving current at 85 °C of ambient temperature.
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LED chip after RTA treatment. The inset shows the electroluminescence
emission image of LED chip at an injection current of 5 mA.
Fig. 7(b) exhibits that with the increase of injection current, the voltage
increases smoothly, furthermore, the turn-on voltage for the chips
under RTA treatment is a little lower than that of furnace annealing,
due to the lower series resistance resulting from good ITO/p-GaN contact.
3.3. Reliability of LED chips

After thesewafers were ground and polished, they were scribed and
broken into separate chips. To carry out the accelerated aging test, we
package the chips in the transmitter optical can-type to avoid the im-
pact induced by packaging process as much as possible. The perfor-
mance of light output was measured by calibrating an integrating
sphere with a Si photodiode on the package device, which can collect
the light emitted in any direction from the LED. Fig. 8 presents the LOP
and VF variations (normalized to the initial values) of the chips during
accelerated aging test under 90 mA driving current at 85 °C of ambient
temperature. It is found that after 168 h aging, LOP of the chipswith fur-
nace annealing decreases by ~2%, larger than the LOP decrement for the
chips with RTA. At the same time, for the chips with furnace annealing,
VF increases slightly with aging time due to the series resistance incre-
ment induced by degradation process. While for the chips with RTA
treatment, electrical worsening is less than that with furnace annealing
as a result of better contact property. Both optical decay and electrical
worseningmeasurements imply the thermal stability of ITOfilm treated
by RTA.

4. Conclusions

The mechanism and optimization of RTA process applied on GaN-
based LEDs have been studied. Employing the optical and electrical
measurements, we found that the transmittance and sheet resistance
of ITO films treated by RTA are better than those treated by furnace an-
nealing. The electroluminescence analysis for GaN-based LED chipswith
RTA demonstrates that under an annealing temperature of 550 °C at
3 min, the optimized light output power and forward voltage for the
fabricated 14 mil × 28 mil chips with 60 mA injection current are
71.2 mWand 2.97 V, respectively, due to that the current density is uni-
form and the specific contact resistances at the interface between ITO
layer and p-GaN are low. In addition, the reliability of the chips with
RTA is better than those with furnace annealing.
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