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ces and current spreading on the
thermal transport of micro-LEDs for kA-per-
square-cm current injection levels
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The three-dimensional thermal characteristics of micro-light-emitting diodes (mLEDs) on GaN and sapphire

substrates were studied with forward-voltage methods, thermal transient measurements, and infrared

thermal imaging. The mLEDs on the GaN substrate showed an approximately 10 �C lower junction

temperature and smaller amplitude of the K factors than those on the sapphire substrate under the

current injection level of 4 kA cm�2. The thermal transient measurement showed that the spreading

thermal resistances of the mesa, the GaN epilayer, and the interface of the GaN/substrate were reduced

significantly for mLEDs on the GaN substrate because of the high-quality GaN crystal and the

homogeneous interfaces. The infrared thermal images showed lower total average junction

temperatures and more uniform temperature distributions for the mLEDs on the GaN substrate, which

were also simulated with APSYS software. The thermal transport mechanisms are discussed for the

lateral and vertical directions in the mLEDs.
Introduction

Micro-light-emitting diodes can operate well at a high injection
level of kA cm�2.1–4 The local power density will approach tens of
kW cm�2. Most electric power is transferred to the thermal
power because of the efficiency droop phenomenon and the
increased bulk and contact resistances for small-sized LEDs.
There are some reports on the thermal management of
mLEDs.4–6 For 40 mm individual LED pixels, the junction
temperature (Tj) is about 100 �C at a current density of 4.5 kA
cm�2 using the spectral shi method.4 The smaller size mLEDs
show lower Tj at same current density. As to the interconnected
mLEDs, the thermal resistances also reduce for smaller size
LEDs even at the same power density.5 However, the huge power
density leads to hot-spots and device failures.7 The Tj distribu-
tion in the devices cannot be detected by the spectral shi
method.4,5 The thermal dissipation problem is shielded by
conventional Tj measurement for mLEDs. Actually, the bulk and
spreading thermal resistance of small-size devices becomes
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higher than that of the broad ones (300 mm � 300 mm).6,8 It is
reasonable to assume that the small thermal cross-section
makes the dissipation difficult. The lower Tj for smaller sized
LEDs is caused by the lower power, uniform current spreading
and a sufficient area for thermal dissipation under the same
injection level.4,5 There is little possibility of the higher ratio of
the sidewall surface area over the active volume when the
diameter is larger than 20 mm.9 The spreading thermal resis-
tance will increase further with the increase of the injection
level.10 When the proximate mLEDs work together, such as the
pixels in the high brightness micro-display,11,12 the complexity
of the lighting and the visible light communication (VLC),1 the
thermal transport will become more difficult, since the heating
mLED will be surrounded by other heavily heating neighbors. In
these cases, the design of current spreading, pixel size and
geometry may be not effective to obtain the low junction
temperature. LEDs on a GaN freestanding substrate can also
sustain high injection current densities.13–15 Some researchers
report on fabrication of mLED on GaN substrate, while the
thermal transport in these devices is not discussed.13

Driven by the electric eld, electrons gains energy and
interact with each other to approach a certain electron
temperature. During the relaxation of the hot electrons, the
phonons are emitted. Energy then ows from the GaN lattice
phonons to the phonons in the sapphire substrate.16 Phonon
generation and transport determines the thermal performance
of the GaN-based devices. Many imperfections in the solid
inuence the phonon scattering or diffusion, including
RSC Adv., 2019, 9, 24203–24211 | 24203
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Fig. 1 (a) Optical microscope image of the mLEDs. The red frame
includes a mesa with a diameter of 40 mm. (b) The schematic of the
mLEDs on the GaN/sapphire substrates bonded to the PCB and the
heatsink.
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threading dislocations, alloy disorders, thermal interfaces,
grain boundaries, point defects, and so on.7,16–24 The thermal
conductivity (TC) of GaN will decrease to 90 W (m K)�1 or lower
when the threading dislocation density (TDD) is above 1010

cm�2.17,18 For similar TDD in a 100 nm-thick AlN epilayer, the
TC is suppressed above 100 times compared to that in the bulk
AlN.19 If the phonon transport direction is vertical to the TD
line, the thermal dissipation becomesmore difficult.25However,
the numerous interfaces in LEDs as well as a GaN/sapphire
interface provide a lot of possibilities for phonon scat-
tering.16,19–22,24 In some nano systems, phonon transports across
interfaces can dictate the overall thermal resistance.7 Some
interface structures, such as GaN–diamond interface, GaN/SiC
nano-pillar and nano-patterned substrates are applied to
enhance the transport of phonons at the interface.20,26,27

Thermal engineering of the materials and their interfaces
should also be an important issue for mLEDs under high
injection levels.

Many techniques have been developed to characterize the
thermal properties of multilayer materials.6,7,10,19–21,24,27–32 Micro-
Raman spectroscopy provides a temporal, spectral and spatial
resolution for thermal measurement.27 The micron-class spatial
resolution cannot satisfy the specic structure of an LED. The
absorption for the excitation and Raman scattering of light in
different layers should cause large measurement errors.27 For
infrared (IR) imaging technology, the IR light emission from the
surface of the devices could be measured to assess the lateral
temperature distribution.32,33 The temperature resolution can
reach to 20 mK, which is much more accurate than 5 K for
Raman measurement. Another optical method, named time
domain thermal reectance (TDTR), is usually used to measure
the thermal resistance of the materials and their inter-
faces.7,20,21,24,27 However, the pump and probe instrument and
the spectra analysis are complicated for use by unskilled
researchers.7 The electrical methods are also popularly
used.6,10,19,29–31,34,35 The forward voltage (Vf) is sensitive to the
junction temperature.34,35 Aer the temperature coefficient K is
measured, the junction temperature can be obtained in real
time according to the voltage. However, the junction tempera-
ture measured by the forward voltage method is an average of
the temperatures of the whole devices in the vertical and lateral
directions. The three-omega method was used to measure the
layer-by-layer thermal conductivities of the LED structure
through electric frequency modication.19 This method needs
a specic sample preparation and a complicated analysis based
on an analytical heat conduction model. A transient thermal
measurement based on the forward voltage method was devel-
oped to analyze multilayer LED package structures.6,10,29–31 The
instrument of the transient thermal measurement is easy for
a technician to operate even on a commercial LED. By analyzing
the cumulative structure function and/or the differential
structure function, different components of the LED packages
can be recognized. However, there are few reports on the
structure functions on the multilayer LED chips.

In this research, different sizes of mLEDs were fabricated on
the sapphire and GaN substrates. The thermal properties of the
mLEDs were measured with the forward voltage method,
24204 | RSC Adv., 2019, 9, 24203–24211
infrared imaging, and transient thermal measurement. The
temperature distributions in the micro-LEDs were also simu-
lated with the APSYS Packages of Crosslight soware. The
thermal transport in the chips of the mLEDs was discussed
under the injection level of kA cm�2.
Experimental

The same structures of InGaN/GaN multiple quantum well
(MQW) LEDs were grown on GaN and sapphire substrates by
metal organic chemical vapor deposition (MOCVD). The epitaxial
structure consisted of 3 mm undoped GaN, 2.5 mm Si-doped n-
GaN, nine periods of GaN (9 nm)/InGaN (2.5 nm) MQW layers
with its light emission wavelength at about 390 nm, 20 nm Mg-
doped AlGaN electron-blocking layer (EBL), and 230 nm Mg-
doped p-GaN. The conventional photolithography and induc-
tively coupled plasma (ICP) etching technology were used to
obtain micron-sized pillars with diameters of 10–160 mm and
depth of 1.1 mm.The other detailed fabrication procedures can be
found in our previous work.3,36 The samples were named aer
their substrates and pillar sizes. For example, “fs-40 mm” and
“ref-40 mm” refer to 40 mm LEDs fabricated on the GaN substrate
and on the sapphire substrate, respectively. A KOH solution was
applied to repair the etching damage on the sidewalls of the
mLEDs. Finally, both of the LED wafers on GaN and sapphire
substrates were diced to a piece with a 5 mm � 5 mm area and
a 280 mm thickness, where the 16 � 16 pixels mLEDs were
included. The optical microscope image of part of the chip is
shown in Fig. 1a. Then the chip was directly bonded onto the Al
This journal is © The Royal Society of Chemistry 2019



Fig. 2 Forward voltages as functions of temperature at a sensor
current of 10 mA for different sizes of mLEDs on the (a) freestanding
GaN and (b) sapphire substrates. (c) Temperature coefficients (K
factors) of mLEDs with different diameters on the GaN and sapphire
substrates. (d) Junction temperature versus current density for the
samples of fs-40 mm, ref-40 mm, fs-120 mm, and ref-120 mm.
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based printed circuit board (PCB) using Ag epoxy. For thermal
transient measurement, we bonded the chips with the heatsink
using thermal grease. Fig. 1b shows the cross-sectional schematic
drawing of the packaged mLEDs prepared for thermal transient
measurement. All the mLEDs package employed the same
conguration of the components including mLED array chip, Ag
epoxy, Al based printed circuit board (PCB), thermal grease and
Cu heatsink.

The temperature coefficient (K factors) of all the samples
were measured using the voltages at a constant sensor current
of 10 mA. The sensor current was kept at 10 mA, so the heat
generated could be neglected.34,35 The range of the oven
temperature was 25 �C to 120 �C. The constant current was
provided by a Keithley 2601A system SourceMeter, and the
voltage was displayed. The transient thermal measurements
were performed with TTE-400 Light Emitting Diodes Thermal
Test Equipment by Beijing University of Technology.32,37 The
heating time was 300 s and the sampling time was 90 s with an
interval of 1 ms. The switch time between the heating and test
current was 1 ms. The device was set on a thermoelectric cooler
(TEC) using thermal grease and it was operated at a stabilized
temperature of 25 �C during the thermal transient measure-
ments. The schematic diagram of the mLEDs on the GaN
substrate bonded to PCB and to the heatsink is shown in
Fig. 1b. The temperature distribution images of the mLEDs were
captured by an FLIR System SC5700 camera with a working
wavelength in the 2.1–5.5 mm range and a temperature resolu-
tion of 20 mK. The thermal infrared (IR) camera recorded the
images with a frequency of 115 Hz (1 ms integration time, 7.6
ms dead time) and a spatial resolution of about 3.0 mmper pixel.
The temperature distributions in the micro-LEDs were simu-
lated with an APSYS package of Crosslight soware.38 The
simulation solved the Poisson equation, the current continuity
equations, the photon rate equation, and the scalar wave
equation with the current spreading and thermal effect being
taken into account.

Results and discussion

Fig. 2 shows the results of the K factors and the junction
temperature for different sizes of mLEDs on the GaN and
sapphire substrates with various current densities. In Fig. 2a
and b, all the samples show the linear behavior of the forward
voltage with respect to the oven temperature from 25 �C to
120 �C. Based on the Shockley equation of a diode, the Vf
changes linearly with the junction temperature if the ideality
factor and the saturation current density stay constant from
25 �C to 120 �C.34 We chose the temperature range because the
Tj was below 120 �C when using the following heating power.
The 10 mA of the current corresponded to the 0.09–0.80 A cm�2

current density for mLEDs with diameters ranging from 120 mm
to 40 mm. In the small injection level, the forward bias was
below the turn-on voltage. The Shockley–Read–Hall (SRH)
recombination was dominant in the active layer. The corre-
sponding voltages of the mLEDs on the sapphire substrate were
0.3–0.4 V larger than those on GaN substrate were. Better
conductivity for the GaN substrate and the strain relaxation in
This journal is © The Royal Society of Chemistry 2019
the MQW might reduce the voltage at the same current
density.39,40

K factors of mLEDs on different substrates were obtained as
negative values according to the data in Fig. 2a and b, as shown
in Fig. 2c. For convenience, the K factors mentioned in the
following sections represent the absolute values of those nega-
tive values. With the size increasing, the K factors increased for
RSC Adv., 2019, 9, 24203–24211 | 24205



Fig. 3 (a) Cumulative structure functions and (b) differential structure
functions for the samples of ref-40 mm and fs-40 mm. Both the mLEDs
were operated under 4 kA cm�2.

RSC Advances Paper
these mLEDs. Moreover, the K factors of the mLEDs on the
freestanding GaN were lower than those on the sapphire
substrate were. The K factors of the mLEDs from 2.32 mV �C�1 to
2.54 mV �C�1 on the sapphire were similar to the broad LEDs on
the sapphire substrate elsewhere,34,35 while the values of the
mLEDs on the freestanding GaN ranged from 1.92 mV �C�1 to
1.99 mV �C�1. The K factor decreased when the crystal quality
was improved by patterned sapphire substrate.32 But it does not
change when the sensor current varied from 10 mA to 110
mA.34,35 The TDD was approximately 5 � 106 cm�2 in the LED
epilayer on the GaN substrate, which was two orders lower than
that on sapphire substrate. It is reasonable to conclude that the
smaller K factors on the GaN substrate can be attributed to its
high crystal quality. For the K factors that varied with the
diameter, the different current density seemed not to be the
cause. However, the injection levels were different between ref.
34, 35 and our work. According to the reports of these
researchers, the injection levels were approximately 10–100 A
cm�2, while ours were approximately 0.09–0.80 A cm�2. For
moderate or high injection levels, the dependences of the
current–voltage (I–V) curves on the temperature might not have
been signicant. Moreover, an additional voltage might have
appeared when the polarization eld increased due to more
strain.39 In large size mLEDs, the strain was less relaxed than
that in small size ones.36,41 With the temperature increases, the
strain in MQW increased due to the thermal mismatch between
the GaN and the InGaN. This trend indicates that the smaller K
factor on GaN substrate could be partially caused by the strain
relaxation in the MQWs.40

According to the K factors, the junction temperatures were
calculated for 40 mmand 120 mmLEDs on freestanding GaN and
sapphire substrates, as shown in Fig. 2d. The junction
temperature increased with the increase of the current density.
It is clear that the junction temperature increased rapidly for
larger size of mLEDs or for the mLEDs on the sapphire substrate.
Specically, along the horizontal dotted line in Fig. 2d, the
corresponding current densities were 9.0 kA cm�2, 6.0 kA cm�2,
1.2 kA cm�2, and 1.0 kA cm�2 when the junction temperature
reached 70 �C for the samples of fs-40 mm, ref-40 mm, fs-120 mm,
and ref-120 mm. It is clear that smaller size mLEDs have lower
junction temperature when operated under same current
density. Considering the mesa area, the electric powers of the
120 mm mLEDs were much higher than those of the 40 mm
mLEDs when operated under same current injection density.
The thermal resistance was higher for the small size mLEDs,
while their junction temperature was much lower than that of
the large size mLEDs. The uniform current density and the strain
relaxation improved the luminous efficiency, which cut down
the thermal loss in the small size mLEDs.4,36,41 With regard to the
effect of the substrate, both the thermal resistance and the
junction temperature for the mLEDs on the GaN substrate were
lower than those on sapphire substrate were. This was due to
the high conductivity for the low TDD GaN epilayer and the GaN
substrate.17,18

The forward voltage method provided the average junction
temperatures of the mLEDs. However, this was not enough to
understand the thermal transport across the multiple
24206 | RSC Adv., 2019, 9, 24203–24211
interfaces. To distinguish the effects of the components and
their interfaces on the total thermal resistance, thermal tran-
sient measurements were carried out for the mLEDs. The
structure functions of the mLEDs could be obtained from the
cooling curves of the mLEDs. The schematic of the thermal
transient measurement setup is shown in Fig. 1b. The heat ow
in the gure was from the pn junction to the bottom heatsink.
Fig. 3 shows the typical cumulative and differential structure
functions for 40 mm LEDs, where the Cth and Rth terms repre-
sent the thermal capacitance and the spreading thermal resis-
tance, respectively. In Fig. 3a, the step-shaped curves can be
observed for 40 mm LEDs on different substrates. The steep
segments correspond to the relative high heat capacitance and
the low spreading thermal resistance, which are contributed by
the components of the LED devices. These components include
mesa, GaN epilayer, substrate, PCB, Ag epoxy, and Cu heat-
sink.29,31 Conversely, the at segments can be attributed to the
thermal interfaces between the components. In Fig. 3b, several
peaks can be observed in the differential curves; these peaks
represent the component locations at the thermal resistance
axis.29,42 Some researchers think that the peaks in the differen-
tial curves correspond to the material interface.30 In this work,
the peaks in Fig. 3b correspond to the steep segment in Fig. 3a.
This means that the peaks cannot be attributed to the interfaces
between the components because of their low spreading
thermal resistance and high heat capacitance.

The curves in Fig. 3 are divided into nine parts, as marked by
the capital letters A–I for the sample of ref-40 mm. The curve for
the fs-40 mm sample is also marked by “A–I”, but the corre-
sponding spreading thermal resistance values that these letters
represent are different than those for the ref-40 mm sample
This journal is © The Royal Society of Chemistry 2019
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shown in Fig. 3. Table 1 lists the spreading thermal resistances
of the components and their interfaces, drawn from the struc-
ture functions. Segment A refers to the mesa with a 40 mm
diameter and a 1.1 mm height. The spreading thermal resis-
tances of 3.43 �C W�1 and 6.08 �C W�1 correspond to the
thermal conductivities (TCs) of 200 W (m K)�1 and 113 W (m
K)�1 for the fs-40 mm and ref-40 mm samples, respectively. The
TC could reach up to 230 W (m K)�1 for a freestanding GaN.18

With the TDD increasing, the TC decreased sharply.17,18 This
results indicates that the TDD in the mesa of the fs-40 mm
sample was two orders lower than that of the ref-40 mm sample.
The alloy disorder and the MQW interfaces could also scatter
the phonons and reduce the TC.19 Segment B refers to the 5 mm-
thick GaN epilayer around themesa. If the TCs in the broad GaN
epilayers stayed unchanged compared to those in the mesas,
the small spreading thermal resistances meant that the thermal
cross-sectional area increased about 30 times. The fs-40 mm
sample clearly showed lower spreading thermal resistance.
Correspondingly, a peak appeared in Segment B in the differ-
ential curves, as listed in Table 1. The peak width of the fs-40 mm
sample was narrower than that of the ref-40 mm sample. The
lower width indicates a higher epilayer crystal quality for the fs-
40 mm sample. Segment C refers to the interfaces between the
two materials. We attributed this to the interface between the
epilayers and the substrates. If the effective contact area was
about 30 times, the thermal interface conductivity for the ref-40
mm sample was about 5 MW (m K)�1. This was of the same order
as the AlN/SiC interface.15 This was reasonable for the defective
GaN crystal with a large amount of mist dislocation, nitrogen
vacancies, and grain boundaries at the interface. However, for
the GaN epilayer on the GaN substrate, the interface spreading
thermal resistance of 2.40 �C W�1 seemed larger than the
prediction. For this homogenous interface, the interface
spreading thermal resistance might come from the regrowth
with MOCVD on the hydride vapor epitaxy (HVPE) GaN
substrate. A transition layer was required for the MOCVD
regrowth, which might not match with both the GaN substrate
Table 1 Spreading thermal resistances of the components and their int

Segments Type

A Mesa and MQWS interface
B GaN epilayer
C Interface of epilayers and substrates
D Substrate
E Substrate and Ag epoxy
F Interface of Ag epoxy and PCB(Al)
G PCB(Al)
H Thermal grease interfaces of PCB/

thermal grease and thermal grease/
heatsink

I Heatsink

This journal is © The Royal Society of Chemistry 2019
and the GaN epilayer. Furthermore, the GaN material might
show different mechanical properties with different growth
techniques, which could affect the acoustic phonon match-
ing.21,22 Moreover, the effective interface area for the fs-40 mm
sample would be less than that of the ref-40 mm sample because
the vertical thermal transport was rapid due to the lower bulk
and the interface spreading thermal resistances for the fs-40 mm
sample. The small thermal spreading interface area for the fs-40
mm sample will be evidenced in the following infrared imaging
results.

Segment D represents the spreading thermal resistance of
the GaN or sapphire substrate. The TCs of the sapphire
substrate was approximately 45 W (m K)�1. Therefore, the
thermal resistance of 0.94 K W�1 for the 280 mm-thick sapphire
corresponded to the effective thermal spreading cross-section of
approximately 6.6 mm2, which was a quarter of the total area of
the chip. This means that the 280 mm thermal path made the
thermal spreading cross-section increase about 20 times. The
TCs of the freestanding GaN was approximately 230 W (m K)�1.
The thermal spreading cross-sectional area for the GaN
substrate was approximately 1.8 mm2. This was due to the rapid
vertical thermal transport discussed above, which will be evi-
denced by IR thermal imaging results. The peaks in the differ-
ential curves also appeared in this area. Clearly, the sharp peak
for the GaN substrate was due to the small spreading thermal
resistance compared to the sapphire substrate. Segment E
corresponds to a slow increase. A peak appeared in the segment
shown in the differential curve. This referred to the Ag epoxy.
The spreading thermal resistance of the Ag epoxy was the same
for the fs-40 mm and ref-40 mm samples, which means that the
Ag epoxy coating procedure was well controlled. There was
almost no platform between Segments E and D due to the
interface spreading thermal resistance, which could be neglec-
ted. Segment F refers to the interface between the Ag epoxy and
the Al based PCB. The obvious and large spreading thermal
resistances of this interface indicated that the metal and the
epoxy had large thermal barriers, which might be due to the
erfaces drawn from structure functions

Spreading thermal resistance
of the segments in the
cumulative structure function
(�C W�1)

Location of the peaks in the
differential structure function
(�C W�1)

fs-40 mm ref-40 mm fs-40 mm ref-40 mm

3.43 6.08
0.54 0.87 3.6 6.25
2.40 4.32
0.69 0.94 6.81 11.94
2.93 2.93 8.43 13.65
6.40 5.24
2.72 5.40 17.9 22.24
6.60 9.56

0.92 1.03 26.63 36.38

RSC Adv., 2019, 9, 24203–24211 | 24207



Fig. 4 Thermal images of the (a) fs-40 mm and (b) ref-40 mm samples
operated under 4 kA cm�2. (c) Several representative and (b) were
operated under series of current densities. (d) Dependences of the
standard deviations of the surface temperatures of 40 mm LEDs on the
current injection level. The inset shows the maximum and minimum
temperature values of two mLEDs and it is filled with different shadow
colors.
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difference of the densities of the phonon states. Only the
spreading thermal resistance in Segment F for the fs-40 mm
sample was larger than that of the ref-40 mm sample. This may
be also due to the small thermal spreading conduction area,
since the thermal interface conductivity was similar. Segment G
refers to the PCB. The TCs of the thermal grease was approxi-
mately 1 W (m K)�1. The thermal resistance of the thermal
grease could be calculated and the value was 0.8 K W�1. As we
see in Fig. 3a and b, the at segment of Segment H refers to the
combination of thermal grease, interfaces of PCB/thermal
grease and thermal grease/heatsink. Segment I represent the
heatsink, which was similar for both fs-40 mm and ref-40 mm
samples. For the Segments of G and H, the spreading thermal
resistances were much lower for the fs-40 mm sample than for
the ref-40 mm sample. Although the thermal structures in
Segments of G and H were similar for both two samples, the
thermal resistances and capacitances were quite different.
Hence, the temperature and its distribution near the PCB were
different for the two kinds of samples. The smaller spreading
thermal resistance and the capacitance for high-quality GaN led
to a higher temperature and a more uniform temperature
distribution in Segment H than those for sapphire substrate.

The structure function analyses provided the information for
the partial spreading thermal resistance for the materials and
their interfaces. However, the lateral thermal transport for the
mLEDs was not clear yet. In order to understand the thermal
transport comprehensively, IR thermal imaging was performed
on the fs-40 mm and ref-40 mm samples. The samples were
operated from 0.2 kA cm�2 to 15 kA cm�2 and the corre-
sponding thermal images were captured when the samples
stabilized. A germanium wafer was used as a lter in both the
calibration and measure processes to avoid the heating of the
detector and the lens. We acquired the nal IR data aer aver-
aged three images under same current injection density. The
measurement uncertainty of IR measurement is described by
standard deviations (SD) with the scope of 0.024–0.179 �C in
this manuscript. Fig. 4a and b shows the IR thermal images of
fs-40 mm and ref-40 mm samples operated at 4 kA cm�2. The
temperature scale bars were put on the right side of the thermal
images in the same range from 41.90 �C to 54.05 �C for
comparison. The dashed lines in both Fig. 4a and b represent
the real diameters, which were about 40 mm. It can be clearly
seen that the temperature was higher on the mesa than the
surrounding parts. The temperature distribution on the mesa
was relatively uniform. There was a temperature gradient
around the mesa. The average temperatures were 43.25 �C and
53.16 �C on the mesa for the fs-40 mm and ref-40 mm samples,
respectively. The temperature differences between themesa and
surroundings were about 1 �C and 12 �C for the fs-40 mm and
ref-40 mm samples. It is reasonable from Fig. 3 to prefer the
mesas as one individual component of the chip based on the
thermal images. It can also be determined that the lateral
thermal transport for the ref-40 mmsample wasmore signicant
than that for the fs-40 mm sample due to the higher temperature
gradient. The temperature of the surroundings was lower than
that of the mesa. However, the temperature was still about 20 �C
higher than the ambient temperature.
24208 | RSC Adv., 2019, 9, 24203–24211
To obtain more details about the temperature distribution,
we extracted the temperature data along the dashed lines in
Fig. 4a and b. Fig. 4c depicts the temperatures' horizontal
distribution for the fs-40 mm and ref-40 mm samples under
different representative current injection levels along the
dashed line. Under the same injection level, the ref-40 mm
This journal is © The Royal Society of Chemistry 2019



Fig. 5 Simulated temperature distribution of the (a) ref-40 mm and (b)
fs-40 mm samples under 4 kA cm�2. The gray dashed line in the figures
provides a guide for describing the average temperature changing
along the mesa. The red dashed line shows the heat source position.
(c) Average junction temperature distribution from center to the edge
on the mesa for ref-40 mm and fs-40 mm samples. (d) Simulated
current density distributions along the mesa diameter neighbor for the
last QW of ref-40 mm and fs-40 mm samples under 4 kA cm�2.
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sample showed a higher temperature platform than the fs-40
mm sample. With the current density increasing, the global
temperature increased similarly for both samples. However, the
platform height increased rapidly for the ref-40 mm sample
while it increased slowly for the fs-40 mm sample. This means
that the generated heat in the junction could be rapidly dissi-
pated to the GaN epilayers, GaN substrate, and heatsink for the
fs-40 mm sample. This conformed well with the thermal tran-
sient measurement results, and it indicates that the mLED on
the GaN substrate was suitable for operation under a high
injection level. Moreover, an inverted “V” and an “M” corre-
sponded to the platform shapes for the ref-40 mm and fs-40 mm
samples, respectively. This may be due to the different current
and thermal spreading, the simulation of which is discussed in
the following section. The standard deviations (SD) of the
temperature were drawn from the thermal imaging of the whole
mesa, as shown in Fig. 4d. The inset shows the maximum and
minimum temperature values of the two LEDs and the lled-in
sections with different shadow colors show the span. The SD
values of the ref-40 mm sample increased from 0.1 �C to 6.7 �C
with the current density increasing from 0.1 kA cm�2 to 9 kA
cm�2. For the LEDs on the GaN substrate, the SD value changed
from 0.002 �C to 0.8 �C with the current density increasing from
0.1 kA cm�2 to 15 kA cm�2. Lower SD values meant more reli-
ability because there are fewer hot spots in the devices.29,43 In
the inset of Fig. 4d, the difference between the maximum and
minimum is larger than the corresponding SD. The SD repre-
sents the uniformity of the temperature distribution, while the
difference between the maximum and minimum indicates the
local performance. Both lower SD and difference indicates the
fs-40 mm sample providing higher thermal dissipation perfor-
mance than the ref-40 mm sample.

In order to understand the thermal transport in mLEDs on
different substrates, the temperature distributions were simu-
lated using APSYS soware. The mLEDs structure was built up
according to the experimental structure. The parameters of each
material were set to the defaults in the soware.39 Because
APSYS soware could not include the thermal interface resis-
tances directly, so we added thin layers as the interfaces and
dene their thermal conductivities according to the interface
thermal resistances measured by thermal transient measure-
ment. Here 1 mm-thick and low thermal conductivity GaN layer
was assumed as the interface between GaN epilayer and
substrate. Fig. 5a and b depicts the temperature proles under
the injection level of 4 kA cm�2 for ref-40 mm and fs-40 mm,
respectively. The horizontal axis represents the lateral distance
from the center on the mLED mesa. The longitudinal axis
represents the distance from the substrate bottom along the
growth direction. The upper red dashed lines in Fig. 5a and
b show the heat source positions. The gray dashed line in the
gures provides a guide for describing the typical vertical
average temperature change along the diameter on the mesa.
The black curves represent the isotherms for different temper-
atures. The total average values of Tj were about 55.89 �C and
45.21 �C for the ref-40 mm and fs-40 mm samples, respectively,
which agreed with the results from the forward voltage method
and the IR thermal imaging. Fig. 5c depicts the average junction
This journal is © The Royal Society of Chemistry 2019
temperature distribution from center to the edge on the mesa.
While the PCB, Ag epoxy, and Cu heatsink still could not be
added to the semiconductor model, the simulation prole was
not able to show the accurate junction temperature
RSC Adv., 2019, 9, 24203–24211 | 24209
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distribution. However, the average Tj values for the mLEDs on
different substrates conformed well to the experimental values.
Some thermal behaviors on some parameters could be simu-
lated by APSYS as well.

It was observed that the grey dashed line in Fig. 5a inter-
sected with more isotherms than that in Fig. 5b. This means
that the average Tj was less uniform for the ref-40 mm sample
than that for the fs-40 mm sample. In Fig. 5c, the average
temperature of ref-40 mm kept decreasing from the center to
the edge of the mesa. However, the average temperature of fs-40
mm increased rst and then decreased. These different trends
correspond to the inverted “V” and “M” shapes in Fig. 4c. All the
Tj tendencies along the diameter were similar to those in the IR
thermal imaging results. To explain the simulation results, we
set the TC of the sapphire substrate to the same value as that of
freestanding GaN. The total average values of Tj were reduced
from 55.89 �C to 45.29 �C, which were similar to the real free-
standing values. The shape of the temperature platform also
changed to “M” for the fs-40 mm sample. However, the isotherm
densities were lower for real freestanding GaN than those for
the high TC sapphire substrate. This indicates that conductive
GaN made the current spreading more uniform than insulating
sapphire, which caused a more uniform temperature distribu-
tion. The simulation showed that the high TC and the
conductivity for the GaN substrates were the key factors for
a low junction temperature and more uniform temperature
distribution. To simulate more detailed temperature distribu-
tion, all the thermal interfaces and package components must
be considered precisely in the future modeling and calculation.

The current density distributions of the ref-40 mm and fs-40
mm samples were simulated under a current density of 4 kA
cm�2, as shown in Fig. 5c. The longitudinal axis was the ratio of
the local current density for 4 kA cm�2. Uniform current
spreading guaranteed the high performances for the mLEDs
under a high injection level.2–4 It was found that the current
density keeps increasing from the center to the edge of the mesa
for both samples. The ratios of the current density at the edge of
the mesa to the average one (4 kA cm�2) were 3.45 and 2.57 for
the ref-40 mm and fs-40 mm samples, respectively. A higher ratio
means that the current crowding was more serious. Current
crowding caused the high temperature at the edge of the mesa,
as seen in Fig. 5a and b. The red line represents the heat source
for which the stead-state temperature distribution was similar
to the current density distribution.

In this work, we measured the average junction temperature
as well as the vertical and lateral thermal transport properties.
The results were consistent for different methods as well as the
simulation. The structure functions were used to analyze the
thermal interfaces of the mLED chips. Compared with the pump
and probe techniques,7,20,21 The main deciency was the switch
time of 1 ms for the heating and test currents, which shielded
some signals at the very beginning. These signals were impor-
tant for resolving the structure functions. It should be
conquered when the switch time becomes smaller and the
stability of the test circuit is improved further. The other diffi-
culty was modeling with normal soware for thermal interfaces.
According to the general formalism for the interface thermal
24210 | RSC Adv., 2019, 9, 24203–24211
conductance, the valid models and the reliable approximation
should be developed in order to obtain the accurate phonon
density of states, group velocity, and so on.22
Conclusions

We investigated the thermal characteristics of mLEDs on
sapphire and GaN substrates with the forward voltage method,
thermal transient measurement, and IR thermal imaging. The
magnitude of the K factors was smaller for smaller sized mLEDs
or for GaN substrates. The junction temperature for a 40 mm
mLED on the GaN substrate was about 10 �C lower than that on
a sapphire substrate under a current density of 4 kA cm�2. The
temperature was uniformly distributed on the GaN substrate.
The thermal transient measurement showed that the spreading
thermal resistances of the mesa, epilayer, and the interface of
GaN/substrate were reduced signicantly for mLEDs on the GaN
substrate. This means that a high-quality GaN crystal and
homogeneous interface corresponded to little scattering for
phonons. The APSYS simulation indicated that the high
thermal and electrical conductivity of the GaN substrate played
a key role in the low junction temperature and uniform
temperature distribution. A small-sized mLED combined with
a GaN substrate can become a perfect candidate for high-power
applications and visible light communication.
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