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Abstract—With the emerging market for multichip module
based high-power LED systems, the demand for advanced ther-
mal management techniques has been steadily growing. This paper
presents a model developed by the authors for thermal coupling
matrix that can calculate temperature distribution at a given heat
power of each chip. The model significantly simplifies the task
of measuring thermal coupling effect on multichip light-emitting
diodes with symmetrical structure, while simultaneously preserv-
ing temperature accuracy. The modeling technique was validated
experimentally on three-, four-, and six-chip rectangular modules,
and a ten-chip circular module, by infrared thermography and
transient thermal measuring system, respectively. The modeling
technique was found to be more efficient especially for large sys-
tems. The model offers a rapid way to predict thermal coupling
behaviors of multichip LED systems.

Index Terms—Light-emitting diodes (LEDs), multichip modules
(MCMs), temperature distribution, thermal coupling effect, ther-
mal coupling matrix (TCM).

I. INTRODUCTION

OLID-STATE lighting is fast emerging as a substitute of
S traditional light sources, especially in the applications of
high optical power output, where multichip modules (MCMs)
are usually employed, such as the chip-on-board light-emitting
diodes (LEDs), rather than single-chip LEDs [1]. Assembling
multiple chips into one package as an MCM can overcome the
power limit of single-chip LED and achieve ultrahigh light inten-
sity [2]-[4]. But, the MCM has one issue: The conductive layer
has to transfer thermal power, larger than that in a single-chip
LED, dozens of times, as a result of which, and also because of
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ineffective heat dissipation, the temperatures of some junctions
in the MCMs could be much higher than those in a single-chip
LED. High junction temperature not only degrades the optical
and electrical performances of LEDs, but also shortens the life
expectancy [5]-[7]. With increase in power and chip packag-
ing densities in solid-state lighting, the technology of thermal
management of MCMs has become a popular research topic
[8]-[10]. Consequently, testing methods have been widely stud-
ied, for instance, Poppe developed the multidomain compact
modeling of LED chips and modules for transient thermal test-
ing [11]-[15]. To achieve stability, striking the tradeoff between
intense light output and extreme junction temperature is crucial.
To achieve this, advanced thermal management techniques are
required.

Normally an MCM comprises multiple heat sources at dif-
ferent locations, rendering experimental measurement of the
junction temperature of each chip difficult. Such measurement is
extremely time consuming, especially, in color-mixing LED sys-
tem, whose LED devices have variable power or size. Besides,
the temperature of a chip is contributed not only by self-heating,
but also by mutual heat transfer among chips, namely the thermal
coupling effect [16]-[18], which significantly affects the tem-
perature of the chip and the thermal analysis of the system [19]-
[22]. LED-based lighting product is by itself a complex system.
The high junction temperature not only degrades the LED de-
vices, but also immensely affects the electronic driver, mechan-
ical housing (including assembly parts, such as thermal dissipa-
tion, electronic isolation, and final installation), and optical lens
[23], [24]. For configuring switch mode driver, the effects of
high temperature degradation of electrolytic capacitors on the
driver have been investigated [25], as they play an important role
in the dimming and color control technologies [23], [26]-[28].
In the linear mode high-power LED driver, the hot carrier injec-
tion has been found to be the main mechanism of degradation
[29]. Therefore, for fine thermal management, understanding
the fundamentals of thermal coupling effects and temperature
distribution among chips is crucial. Within the limitations of
the experiment, models that provide detailed description of the
thermal coupling of multiple LED devices in variable structures
would greatly contribute to optimization of the system design.

With the growing demand for higher power density, high-
power LEDs are faced with thermal-related challenges that af-
fect optical characteristics as well as reliability [30]. Thermal
performance of MCMs is different from that of single-chip mod-
ules, possibly due to nonuniformity in temperature [31], [32].

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Thermal resistance network has been established in the major
direction of heat flow to analyze the theoretical thermal resis-
tance of MCMs [33]. In particular, thermal spreading resistance
of multichip packaging, resulting from discrete heat sources,
is a key thermal resistance in the process of heat transfer [34],
[35] and has been widely studied recently. Muzychka proposed
a simple method for predicting mean and central heat source
temperature [36]. Liu and coworkers proposed the multichip
spreading resistance model to study the whole temperature field
of LED packaging substrate [37]. To optimize LED systems,
Hui and Qin proposed a photo-electro-thermal (PET) theory
that combines the photometric, electrical, and thermal behav-
iors of an LED system and predicts the optimal operating point
in terms of the maximum luminous flux [38]. Later, time domain
was incorporated into the PET theory to study the decay of lu-
minous output [39]. A three-dimensional (3-D) PET LED node
model was developed to describe the nonuniform thermal distri-
bution of the LEDs on the heatsink in a 3-D space system [40].
More recently, they came up with a modeling technique that
merges the chromatic characteristics of an LED system with the
PET theory. The improved PET theory can predict temperature
distribution, luminous flux, and correlated color temperature of
the LED systems [41]. For carrying out more accurate studies
on complex interactions of heat, light, and power in LED sys-
tems, 3-D finite-element methods are usually used to simulate
temperature distribution [33]-[36], [42]-[45]. Considering the
need for systematic optimization of luminous output, the fore-
going research works focused mainly on thermal modeling and
measuring junction temperature. But, measurement of thermal
interaction among chips, which is important for measuring the
whole-field temperature, is often ignored, especially when the
cost of apparatus or research time is considered.

In this study, a model is proposed to accurately predict the
junction-temperature distribution of multichip LEDs. To model
the lateral heat transfer, the equivalent electric circuit (EEC) of
heat flow path was used in incorporating several essential fac-
tors of thermal coupling effect into the thermal coupling matrix
(TCM) for LEDs array. The proposed model can precisely de-
termine the temperature distribution of chips. After computer
simulations, it was found that the number of independent chips
in TCMs decreases significantly if the temperature is distributed
in a symmetrical structure. Therefore, from measuring junction
temperatures of independent chips in array systems, the temper-
ature distribution of the whole system can be predicted, using
TCMs. This model can rapidly predict thermal coupling behav-
ior of multichip LED systems. In comparison with the tradi-
tional one-by-one measurement method, the proposed method
improves the measurement efficiency significantly by reducing
the number of measurement channels, as well as the time cost.
Discrepancies between theoretical predictions and experimental
results are also discussed.

II. THEORETICAL METHOD

A. Thermal Coupling Matrix

In the case of single-chip device, as shown in Fig. 1(a), the
chip is mounted on a thermally conductive layer, e.g., the copper
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Fig. 1. (a) Schematic of single-chip LED package and (b) the corresponding
EEC; (c) schematic of multichip LED package and (d) the corresponding EEC,
where I2;; represents the lateral heat transfer path between ith and jth chips.

layer, or other interconnection layer in an LED package. When
the LED is lit up, a thermal dissipating path goes downwards
from the chip, through the conductive layers, to the heatsink. The
encapsulation on the top can be considered adiabatic, because
of its much low thermal conductivity, and as such little heat
dissipates upwards. According to the 1-D heat-flow theory [46],
this 1-D thermal system closely resembles the EEC, as shown
in Fig. 1(b). The thermal resistance (R), mimicking the heat
dissipating path, is defined as R = AT/ P, where P represents
the heat dissipation power of the chip and AT is the temperature
rise between the chip and the heatsink.

As illustrated in Fig. 1(c), when multiple chips are mounted
on the same copper layer and lit up, vertical heat dissipation
from each chip, as well as lateral thermal transfer among chips,
occurs. With increasing number of chips, the volume of mutual
thermal coupling increases rapidly, leading to a more compli-
cated temperature distribution than that in the case of single
chip. As shown in the multichip EEC of Fig. 1(d), N identical
chips are mounted on the same copper layer. P; and P, to Py
denote heat dissipation power of chips. P; raises the tempera-
ture of the ith chip by AT, = P, R;, and the jth chip among the
rest of the N — 1 ones transfers a proportion of x;; of its total
power P; to the ith chip through lateral heat path between them
against a thermal resistance of I2;;. As a consequence, the extra
temperature rise A7j; of the ith chip, contributed by jth chip, is
Xi; Pj R;i;. Hence, the total temperature rise of the ith chip can
be expressed as

N

AT, = PR+ Y AT; (i,j=1,2,3,...,N) (1)
j=1.j#i

where Aﬂj = XZJ‘P]RZJ (’L,] = 1, 27 3, ey N) Setting Hij =

R;jxi; and x;; = 1, a simpler expression of the total tempera-

ture rise for the ith chip is obtained as
N
AT = P (i, =1,2.3,....N) @
j=1

where 1i;; shares the same dimension with the thermal re-
sistance. For an N-chip system, the TCM is established
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Equation (3) describes the relationship between the thermal
power and temperature of each chip in an MCM. With this
TCM, the junction-temperature distribution can be obtained
from the heating powers of chips. As suggested in the litera-
ture, the lateral thermal resistance between any pair of ith and
Jjth chips dominates the thermal coupling. From the EEC shown
in Fig. 1(d), it is found that the larger the lateral resistance, the
lesser would be the lateral thermal dissipation. In addition, the
junction-temperature rise, induced by lateral heating, is associ-
ated with some other factors, such as the resistance between the
chip and heatsink. In the current TCM, all these related factors
are combined into one, which leads to one tensor: fi;;.

B. Validation of TCM

The TCM presented in (3) is validated here by simulating
the temperature distribution of LED MCMs with array and cir-
cular structures by using the commercial software COMSOL
Multiphysics (COMSOL Inc., Sweden) [47]. To verify the ther-
mal coupling between any two chips in MCMs and to deduce
the universal rules of the TCM, several simulations on multi-
chip models, with various chip numbers and arrangements, were
conducted. A 1 x 3-chip model is presented here in Fig. 2(a) as
an illustration. From this figure, it can be seen that three chips
are laid down in a row and labeled as chipl#, 2#, and 3#. The
results of thermal simulations for all the six cases of 1 x 3 chip
model are illustrated in Fig. 2(b). The key parameters of the
materials used for simulation are listed in Table I.

To characterize the TCM, the procedure followed in deriving
mutual thermal coupling between any two chips is presented in
the flowchart (see Fig. 3) (with AT5 as an example).

According to (2), the temperature rise of chip 2# can be writ-
ten as ATy = po1 Py + 109 Py + 1193 Ps. Theoretically, chips 2#
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(a) 3-D configuration of the LED module for simulation and (b) its results of temperature distribution of chips, lit up, in all the six cases.

TABLE I
KEY PARAMETERS OF THE MATERIALS USED FOR SIMULATION

Material Density Thermal Conductivity ~ Heat Capacity
(kgm™?) (W/(m-K)) JKhH
Chip 3500 80 703
Bonding layer N/A 3.25 N/A
Cu 8700 400 386
Al O3 3400 20 700
g '
1x3 Module

ATy = pa1 Py + oo Py + o3P

|

Case 1 2 3 4
P,Ps(W) oo o1]10] 11

Next Case

Finish All
Cases?

[ moen ]
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Fig. 3. Flowchart to retrieve the mutual thermal coupling between any two
chips for the 1 x 3-chip model.

Py + APy

and 3# (let P, = P; = 0 W) can be switched OFF and the tem-
perature rise AT, measured with P; running at series powers
and then the coefficient 1 derived by linearly fitting ATy ~ Py
[See the slope shown in Fig. 4(a)]. To verify that 19, is indepen-
dent of P, and P43, three more cases,i.e., P» =0W, P; =1W;
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Fig. 4. (a) Temperature rise of chip 2# versus power of chip 1#. (b) Temperature rise of chip 1# versus power of chip2#, each under a different status.

(c) Temperature rise of chip 2# and 3# versus power of chip 1#, each under a different status. Here, “ON” and “OFF” denote applied thermal power of 1.0 and 0 W,

respectively.

P,=1W, P;,=0W, and P, = P; = 1W were added. For
each case, the experiment ATy ~ P; was repeated. The results
of all the four cases were plotted [see Fig. 4(a)], where OFF and
ON mean 0 and 1 W, respectively.

Similarly, 15 can be derived by AT} ~ P, [see Fig. 4(b)],
g1 by ATy ~ Pi[ see Fig. 4(c)], as well as other elements in
the TCM. Finally, the three-order TCM for 1 x 3-chip model
can be expressed as

ATy 17.70 1.74 0.45 P
ATy | = | 1.74 17.64 1.83 Py “4)
AT; 0.45 1.83 18.68 Ps

From (4), it is found that 19 = p21, p13 = 31, and pog =
H32.

As illustrated in Fig. 4(c), slope_ATy ~ P; > slope_ATj3 ~
Py, ie., po1 > p31, because the distance from chip 1# to chip
3# is more than that from chip 1# to chip 2# [see Fig. 2(a)].
In effect, the lateral thermal resistance between any two chips
is directly proportional to the distance between them, and thus
R31 > Rsp. On the other hand, the thermal power transferred
from chip 14# to chip 2# is larger than that from chip 1# to chip
3#, and this leads to the result y3; < x21. Combining Fig. 4(a),
(b), and (c), it is evident that 19 was determined solely by the
geometric positions of the two chips involved and is independent
of the chips’ power. In summary, the mutual thermal coupling
between any two chips depends on the characteristics of TCM:
1) the thermal coupling is a linear effect, and 2) the TCM is a
symmetric matrix, with the LEDs arranged in an array structure.
In addition, the equivalent graphs (see Fig. 4) for the structure of
2 x 2 (Figs. S1 and S2 in supplementary material) demonstrates
that TCM is available even in the situation of m = nforanm x n
LED array structure.

C. Simplifications of TCM for an m x n LED Array Structure

It is evident that the number of elements in TCM increases
quadratically with the number of chips. If the number of chips
is N, the number of 4;; is N2. Since the TCM is a symmetric
matrix, the number of “nontrivial elements” can be reduced to
(N? 4+ N)/2. The workload can be further reduced by consider-
ing the possible symmetry of chip pattern. More clearly, the ther-
mal field generated by one chip would also be symmetric with

=7 HEEE iiﬁii L LY
s 5 | EEEEEE
——————————— . ...
NS Lpnn mapng "EEEEE
' EEEEEE
! i } 1
ERLL EERuy NEEULLU
o b o mian e o e O
----- o) ) et ) )
N el ey WEELILIL
N ST R L
¢ ¢ ¢ Lo LAY L L
. W | Ry 1 W e
6l 131 laf A LS LA L L
CL I S R I i—i-?—«—.{»—f BEELLL
EEL L EEEUY g
(@) (b) (©) (d)
Fig. 5. Identification of the nontrivial chips when the number of rows and

columns are (a) even—odd, (b) odd—even, (¢) odd—odd, and (d) even—even. Those
marked gray are trivial chips, and in the last stages, the blue ones are nontrivial.
The red-dashed line and red double arrows mark the symmetry.

respect to that generated by its symmetric counterpart. There-
fore, there is no need to visit all the chips to determine the
thermal coupling of the whole matrix. Here, the minimum
requirement to obtain TCM is “nontrivial chips.” In other
words, whole TCM can be obtained by applying thermal power
only to the nontrivial chips. How to determine the nontrivial
chips is discussed below.

The degree of symmetry of the matrix depends on the number
of rows m and columns n in the MCM. It is obvious that when
m = n, the degree of symmetry is higher than when m # n.
These two cases are discussed below:

1) Case: m # n: The LED chips are distributed, as shown
in Fig. 5, in an array and the number of rows and columns are
(a) even—odd, (b) odd-even, (c) odd—odd, and (d) even—even.
Each case has two axes of symmetry: vertical and horizontal.
If n is odd, the vertical axis will cross the chips located at the
middle column, and if even, it will cross between the two middle
columns. The same rule is applied to the horizontal axis and the
row numbers m. Therefore, when m (or n) is even, the degenerate
number becomes m/2 (or n/2), and when odd it becomes (m +
1)/2[or (n + 1)/2], this shorting description is feasible because
those chips in the middle row (or column) belong to both sides.
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Bearing these in mind, the number of nontrivial chips n; is
calculated according to the following equation when m # n

mn

1 both m and n are even

(m+1)n

n; = 1 m is odd and n is even (@)

w both m and n are odd.

Here, taking 2 x 3 chips as an example, the values of the TCM
will be obtained by simulating the temperature distribution of
MCMs. According to the simplified method introduced above,
only two nontrivial chips need to be tested to obtain the TCM,
as shown in Fig. 5(a). Equation (6) is the result of testing all
the six chips by the conventional method, while (7) is the result
of testing only two nontrivial chips by the simplified method.
A comparison of the values of the TCMs in (6) with those in
(7) reveals that the two results are in good agreement. Here,
the 2 x 3-chip model is taken as an example to explain how
the matrix can be obtained. To obtain 4i;;, according to fi;; =
AT;; /P;, two nontrivial chips should be lit up individually. For
example, in Fig. 5(a), when chip 1# s lit up, the temperature of all
the other chips rises to different degrees. Thus, the temperature
rise of each chip, ATy, to ATs; and the resulting 1111 to g1
are obtained. Likewise, when chip 2# is lit up, p12 to pgo are
obtained. Then, the rest of the elements are calculated in the light
of the symmetry of the TCM. The six-order TCM for 2 x 3-chip
model is obtained using (7)

AT, 775 1.74 0.38 0.24 0.82 1.66\ /P
ATy 1.74 17.25 1.66 0.82 1.71 0.83 || P,
ATy 0.38 1.66 17.15 1.66 0.82 0.24 || P
AT, | T 1024 082 167 1777 164 037 || P,
AT 0.82 1.71 0.82 1.64 17.47 1.74 || P
AT 1.66 0.83 0.24 0.38 1.74 17.23) \ P
(6)
AT, 775 1.74 0.38 024 0.82 1.66\ /P,
AT, 1.74 17.25 1.66 0.82 1.71 0.83 || P
ATy 0.38 1.66 17.75 1.66 0.82 0.24 || P,
AT | T 1024 082 1.66 17.75 1.66 038 || P,
AT 0.82 1.71 0.82 1.66 17.25 1.74 || P,
AT 1.66 0.83 0.24 0.38 1.74 17.75) \ B

(N

2) Case: m = n: As illustrated in Fig. 6, LED chips are
distributed in an array and the row/column number is (a) odd
and (b) even. For convenience, s = m = n is satisfied. In this
case, in addition to the vertical and horizontal axes in case m#n,
there are two more diagonal axes of symmetry, which further
divide the matrix into eight parts, as shown in Fig. 6. Similar to
the case m # n, the parity of s would affect the result. When
it is odd, the chips in the middle column and row, belonging
to each quarter are divided by the vertical and horizontal axes.
Hence, the dimension of the matrix in the quarter, denoted as
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54, 1s expressed as follows:

s 1S even

®)

S
2

S =
1 s

s is odd.

Regardless of the parity of s or s,, diagonal axes definitely go
across the chips along the diagonal, indicating that the s, chips
lying along the diagonal axes are nontrivial. On the other hand,
the chips in the triangular area will degenerate due to symmetry,
and their number is >} = sq(sq —1)/2. Hence the non-
trivial chips number will be s? — s, (s,—1)/2 =sq(s, + 1)/2,
ie.

s242s

5 s 1s even

2 +4s+3 ©)

2

Here, 2 x 2 chip case is taken as an example. The matrix
in (10), derived from the conventional method by testing all
the four chips, is compared with that in (11), derived from the
simplified method by testing only one chip. It is evident that the
following two matrices agree well with each other:

s 1s odd.

AT, 18.42 1.71 0.90 1.76 P
ATy | _ | 171 17.93 1.91 0.85 P, (10)
AT 0.90 1.91 18.39 1.71 Py
AT, 1.76 0.85 1.72 18.40/ \ P,
AT, 18.42 1.71 0.90 1.76 P
ATy | | 171 1842 1.91 0.85 B an
AT, 0.90 1.91 18.42 1.71 Py
AT, 1.76 0.85 1.71 18.42) \ P,

The number of nontrivial chips is significantly reduced for the
MCM with high symmetry, and so are the elements that need
to be calculated in TCM. Taking the square-matrix arrangement
as an example, the reduction rate of n;/s* can be 1/8 + 1/4s
when sisevenand 1/8 + 1/2s + 3/8s® when s is odd, and both
the rates converge to 0.125 for a sufficiently large s.

To study the efficiency of the method, the reduction rate n; /s>
with an m X n array structure, in which m and n range from 1
to 20, were calculated (see Fig. 7). It is evident that most of
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Fig. 7.
to 20.

Reduction rate of n; /s> for m x n array with m and n ranging from 1

the area is filled with the reduction rate that falls between 0.25
and 0.35. In particular, when m equals n, the reduction rate is
low, ranging between 0.15 and 0.25. Moreover, when m and
n are both even and are higher than 12, rates lower than 0.15
were achieved. Consequently, based on the TCM, the number
of chips engaged in the calculation, as well as the workload, can
be significantly reduced.

D. Simplifications of TCM for an m—n Circular LED Structure

Considering the practical application, the LED chips can
also be arranged in a circular fashion and still a high degree of
symmetry can be maintained. In the circular module, the LED
chips are arranged as an ensemble of concentric rings on the
printed circuit board (PCB). For this investigation, the typical
circular module (see Fig. 8), referred to as the 4—6 circular
module, was studied. It had four chips inside the ring, which
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H CE m Y R 5 g
- . ‘i

Fig.8. Identification of nontrivial chips of 4-6 circular module. Those marked
gray are trivial chips, and in the last stages, the blue ones are nontrivial. The
red-dashed line and red double arrows mark the symmetry.

was composed of another six chips. The horizontal and vertical
axes of the module are shown in the figure to facilitate the
determination of the nontrivial chips and to simplify the TCM.
For the case of 4—6 circular module, the number of nontrivial
chips is four. One more example, namely 3—6 circular module,
can be found in the “Supplementary Material.”

With respect to the 4-6 circular module, the values of the
TCM and simplified TCM were derived from simulation and
expressed by (12) and (13), respectively. Equation (12) is the
result of testing all the ten chips by the conventional method,
while (13) is the result of testing the four nontrivial chips by
the simplified method. The two results are mutually in good
agreement. From the values of the TCM in (12) and (13), it is
evident that the proposed TCM modeling technique is applica-
ble to LED modules when the LED chips are arranged as an
ensemble of concentric rings on the PCB. When the LED chips
are so arranged, they show higher symmetry, such as 3-6 circu-
lar module, in which the number of the nontrivial chips, as also
its workload, is reduced significantly, see (12) and (13) shown
at the bottom of this page.

ATy 19.58 1.73 0.79 1.69 1.86 0.83 0.29 0.17 0.28 0.78 P
AT, 1.73 19.56 1.64 0.79 0.47 1.56 1.49 0.42 0.20 0.20 Py
ATy 0.79 1.64 19.96 1.73 0.18 0.29 0.80 1.76 0.83 0.28 Py
ATy 1.69 0.79 1.73 19.74 0.44 0.21 0.20 0.44 143 1.42 Py
AT; | 1.86 0.47 0.18 0.44 16.29 0.71 0.10 0.04 0.09 0.62 Ps
ATy | | 0.83 1.56 0.29 0.21 0.71 16.86 0.68 0.09 0.05 0.10 By (12)
AT 0.29 149 0.83 0.20 0.10 0.68 17.91 0.62 0.09 0.05 Py
ATy 0.17 042 1.86 0.47 0.04 0.09 0.71 17.46 0.71 0.09 Py
ATy 0.28 0.20 0.83 1.43 0.09 0.05 0.09 0.64 17.00 0.65 Py
ATy 0.78 0.20 0.28 1.42 0.62 0.10 0.05 0.09 0.65 16.91 Py
ATy 19.58 1.73 0.79 1.69 1.86 0.83 0.29 0.17 0.28 0.78 P
AT, 1.73 19.56 1.64 0.79 0.47 1.56 1.49 0.42 0.20 0.20 Py
AT; 0.79 1.64 19.58 1.73 0.17 0.29 0.83 1.86 0.83 0.28 Py
AT, 1.69 0.79 1.73 19.56 0.42 0.20 0.20 0.47 1.49 1.56 Py
AT; _ 1.86 0.47 0.17 0.42 16.29 0.71 0.10 0.04 0.09 0.62 Ps (13)
ATy 0.83 1.56 0.29 0.20 0.71 16.86 0.68 0.09 0.05 0.10 Py
AT 0.29 149 0.83 0.20 0.10 0.68 16.86 0.71 0.09 0.05 Py
ATy 0.17 042 1.86 0.47 0.04 0.09 0.71 16.29 0.71 0.09 Py
ATy 0.28 0.20 0.83 1.49 0.09 0.05 0.09 0.71 16.29 0.68 Py
AVAT 0.78 0.20 0.28 1.56 0.62 0.10 0.05 0.09 0.68 16.29 Py
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TABLE II
TEMPERATURE RISES OF 1 x 3—CHIP MODULE UNDER 350 MA

Experimental data from T3ster(°C)

Temperature rise obtained by TCM(°C)

Conditions ATy ATy ATy ATy AT, ATy Deviation (%)
I; =350 mA 12.92 1.35 0.61 12.92 1.35 0.61 0 0 0
Iy =350 mA 1.43 12.93 1.43 1.36 13.03 1.44 499 077 0.77
I, = I =350 mA 14.66 14.42 2.16 1428 14.38 2.06 260 025 455
I = I3 =350 mA 13.94 2.66 13.98 13.53 2.78 13.50 296 445 324
I, =1, =13 =350mA 15.04 16.57 14.80 14.89 15.82 14.97 1.00 454 1.19
TABLE III
TEMPERATURE RISES OF 2 x 2-CHIP MODULE UNDER 350 MA
Experimental datafrom T3ster (°C)  Temperature rise obtained by TCM (°C)
Conditions ATy ATy ATy ATy AT AT, ATy AT, Deviation (%)
I, =350 mA 12.55 1.39 1.02 1.60 12.55 1.39 1.02 1.60 0 0 0 0
I = I =350 mA 1432 14.08 2.86 2.46 13.94  13.94 2.62 2.62 2,67 097 839 6.67
I, = I3 =350 mA 14.05 2.86 13.60 2.86 13.57 2.99 13.57 2.99 340 429 050 4.29
Iy = I, = I3 =350 mA 15.01 1473 14.69 4.05 1497 1554 15.17 4.01 027 546 328 1.01
I =1, =1I3=1;,=350mA 1623 15.88 16.50 16.64 16.56  16.56 16.56 16.56 2.02 430 039 049
TABLE IV

TEMPERATURE RISES OF 2 x 3—CHIP MODULE UNDER 350 MA

Experimental data from T3ster (°C)

Temperature rise obtained by TCM (°C)

Conditions AT, ATy ATy AT, ATy ATs ATy AT, AT; ATy, ATy, ATy Deviation (%)

I} =350 mA 13.19 147 0.65 037 1.11 158 13.19 147 0.65 039 1.11 158 0 0 0 0 0 0
Ir =350 mA 145 12.69 139 098 143 094 147 1269 139 098 143 094 157 O 0 0 0 0
I} = I =350 mA 14.13 13.80 192 131 278 270 14.66 14.16 2.05 135 254 252 373 2.62 6.64 3.13 8.63 6.82
I =1 =13 =350 mA 15.14 15.23 14.84 3.07 3.85 3.09 1532 1555 1523 293 3.64 289 1.18 2.11 2.63 4.67 543 647
I =L =13 =1 =350 mA 16.14 17.00 16.21 15.82 5.24 3.82 15.68 16.53 16.81 16.11 5.12 3.54 282 2.77 3.71 1.82 2.34 7.32
L =0L=1I13=1;=1I; =350mA 17.03 18.23 17.24 1692 17.44 529 16.79 1797 1791 17.59 17.80 5.01 1.39 1.46 3.88 396 2.11 529
Lh=h=L=1=I=1I 18.60 19.15 18.32 18.03 19.22 18.48 18.36 1891 18.28 18.24 19.28 18.20 1.25 1.28 0.19 1.19 0.32 1.51
=350 mA

E. Simplification of TCM for an m x n LED Array Structure
With Different Thermal Powers

Apart from the single color case presented above, the gen-
eral case was also considered, whose MCM:s contain differently
colored LEDs, e.g., red, green, and blue dice, which can be com-
bined to generate either colored or white light. One of the key
challenges in such applications is to maintain a defined color
point over life and over all flux levels, which depend on the
junction temperature of the LEDs. Normally, LED dice with
different colors have different thermal powers, which result in
unequal heat transmission between the dice. For example, the
average heating of the green die by the red die might be differ-
ent from the heating of the red die by the green die because of
differences in their thermal powers.

Given the properties of the TCM, it was presumed that the
LED dice with different colors in the MCM have different heat
powers during operation. To demonstrate the symmetry of the
TCM, 2 x 2 chips were taken as an example. In this module,
the four chips had different thermal powers and the values of
TCM were obtained by simulation. Equation (14) is the result

of testing all the four chips under different heat powers (P; =
029 W, P, =0.86 W,P; = 1.46 W,P, = 2.22 W) by the con-
ventional method, while (15) is the result of testing the nontrivial
chips by the simplified method. The two results are mutually in
good agreement. In the general case of multiple LED chips with
different colors, the dice with different colors can also differ in
size. However, simplification of TCM for a 2 x 2-chip LED ar-
ray structure, with different chip sizes, which is discussed briefly
under “Supplementary Information,” is not the main topic of this
study

AT, 18.42 1.71 0.90 176\ /P
ATy | | 17117.93 191 085 | | By "
AT, 0.90 1.91 18.39 1.72 | | P,
AT, 176 0.85 1.72 18.40/) \ P,
AT, 18.42 1.71 0.90 1.76\ /P
AT, 1.71 1842 1.91 085 | [ A
A | T 000 101 1842 171 | | By [P
AT, 176 0.85 1.71 18.42) \ P,
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TABLE V
TEMPERATURE RISES OF 4—6—CHIP MODULE UNDER 350 MA

Experimental data from T3ster (°C) Temperature rise obtained by TCM (°C)

Conditions AT] ATQ ATg AT4 AT5 AT(; AT7 ATg ATg AT]() AT] ATQ ATg AT4 AT5 AT(; AT7 ATg ATQ AT]O
I =350 mA 12.18 093 0.62 1.08 1.29 0.67 0.42 0.33 0.38 0.68 12.18 093 0.62 1.08 1.29 0.67 042 0.33 0.38 0.68
I =350 mA 0.97 11.81 1.07 0.62 0.38 1.03 1.33 0.53 0.26 0.26 0.97 11.81 1.07 0.62 0.38 1.03 1.33 0.53 0.26 0.26
I; = 350 mA 1.30 0.36 0.28 0.39 10.72 0.56 0.26 0.19 0.27 0.54 130 0.36 0.28 0.39 10.72 0.56 0.26 0.19 0.27 0.54
Is = 350 mA 0.71 1.02 0.35 0.28 0.52 12.03 0.68 0.21 0.17 0.21 0.71 1.02 0.35 0.28 0.52 12.03 0.68 0.21 0.17 0.21
I; =1, =350 mA 1424 12.77 1.68 1.68 1.70 1.66 1.66 0.79 0.60 090 13.15 12.75 1.69 1.70 1.67 1.70 1.74 0.86 0.64 0.94
I =1 =15 =350 mA 15.93 14.84 1.95 2.12 13.10 2.25 1.87 095 0.81 1.41 1445 13.10 1.97 2.09 12.39 226 2.00 1.05 091 1.48
I =1 =15 =1 =350 mA 16.43 1547 231 2.42 13.94 1452 2.53 1.17 095 1.63 15.16 14.12 232 237 1291 1429 2.69 1.27 1.08 1.70

III. EXPERIMENTAL RESULTS

Experiments were designed to verify the TCM with Ther-
mal Transient tester (T3Ster), combined with TeraLED (T3Ster
TeraLED system), which is based on the widely accepted for-
ward voltage method. The commercial thermal transient mea-
surement product was provided by MicRed Ltd. [48]. For mea-
surement, one module each of 1 x 3-chip LED, 2 x 2-chip LED,
2 x 3-chip LED and 4-6 circular LED was used by way of ex-
amples. Chips, with a size of 1 mm? with rated current 350 mA,
were arranged symmetrically in these modules. It is worth men-
tioning that, to get a module with different thermal powers, the
four chips in 2 x 2-chip module were driven with 150, 350,
550, and 750 mA, whose thermal powers are 0.29, 0.86, 1.46,
and 2.22 W, respectively. Optical measurements were performed
in thermal steady state with the TeraLED and once they were
completed, the LED under test was switched OFF and its cool-
ing transient was measured by the T3Ster equipment. For this
study, heatsink was taken as the temperature reference node for
the proposed model. The heatsink was a temperature-stabilized
fixture, included in the TeraLED system employed. The fixture
included an integrated thermal sensor, which can sink heat up to
10 W. Its temperature can be programmed between 10 and 90 °C
with TeraLED software. Once the thermal power of the LED
module under experiment was under 10 W, the LED module
was mounted on the heatsink, which can maintain the temper-
ature at 25 °C during measurement. For temperature-sensitive
parameter calibration, namely, the K-factor calibration, the LED
under test was measured by TeraLED in a stabilized state, at a
programmed current of 3 mA and at a programmed temperature
range of 25-55 °C with an increment of 10 °C. After that, the
optical power of the LED’s dice was measured at heating up
current of 350 mA for a sufficiently long time, and at 25 °C
temperature of heatsink. Then, after switching OFF the LED, the
transient thermal measurement was started to record the cooling
curve after driving the LED’s dice individually with heating up
current for a sufficiently long time, maintaining heatsink tem-
perature at 25 °C. Finally, the actual temperature rise curve was
obtained by evaluating the cooling curve, given the measured
thermal power and K-factor. The thermal power was obtained by
subtracting the optical power from the electrical power applied
on the chips. The temperature differences in (3) were obtained
by finding out the difference of the temperature between the ther-
mal steady states at the two ends of the temperature-rise curves.
TheT3ster contains eight measuring channels. On the parallel

channels, measurement and data acquisition take place simulta-
neously, which is convenient for thermal coupling measurement.
The experimental results are presented in Tables II through V
for 1 x 3-chip, 2 x 2-chip, 2 x 3-chip, and 4-6 circular mod-
ules, respectively. In addition, Tables VI presents the results
for the 2 x 2-chip module under four different thermal powers.
Here, AT, (n=1,2,3,4,5,6,7,8,9, 10) is the tempera-
ture rise of each chip,and I, (n = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10)
denotes the forward current applied on the nth chip. According
to the simplified method proposed in this study, only “non-
trivial chips” are needed to obtain the whole TCM. First, the
“nontrivial chips” were lit up. The temperature rise of the re-
maining chips, due to thermal coupling effect, was obtained.
For computing the TCM, the experimental results of “nontrivial
chips” are listed in bold in Tables II-VI. Second, substitut-
ing these results into (3), the TCMs in (16) through (20) were
obtained, based on the simplified method for 1 x 3-chip, 2 x 2-
chip, 2 x 3-chip, 4-6 circular modules, and 2 x 2-chip mod-
ule under four different thermal powers, respectively, where
P,(n=1,2,3,4,5,6,7,8,9, 10) is the thermal power ap-
plied to chips. Third, with the TCM, the temperature rises of
chips were calculated for some other situations, in which, say,
two or more chips were simultaneously lit up. The results are
presented under the first and second columns of Tables II-VI.
The deviations between these two columns, that is “Experi-
mental data from T3ster” and “Temperature rise obtained by
TCM” under different conditions are presented in the third col-
umn of these Tables. As the maximum deviations are less than
5.0%, 8.4%, 8.7%, 11%, and 9.5% for 1 x 3-chip, 2 x 2-chip,
2 x 3-chip, 4-6 circular modules (see Table I[I-V) and 2 x 2-
chip module under four different thermal powers (see Table VI),
respectively, the accuracy is considered acceptable. Therefore,
it follows that the TCM is a fast and effective method to describe
thermal coupling, as well as temperature distribution, in LED
modules

ATy 17.76 1.86 0.84 Py

AT, | = | 1.86 17.79 1.97 Py (16)
ATy 0.84 1.97 17.76 Ps

ATy 17.26 1.91 1.41 2.20 P

ATy _ 1.91 17.26 2.20 1.41 Py (17)
AT 1.41 2.20 17.26 1.91 Ps

AT, 220 1.41 1.91 17.26 Py
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TABLE VI
TEMPERATURE RISES OF 2 x 2—CHIP MODULEUNDER 150, 350, 550, AND 750 MA

Experimental data from T3ster (°C)

Temperature rise obtained by TCM (°C)

Conditions AT, ATy ATy ATy AT, ATy ATy ATy Deviation (%)
I; = 150 mA 4.64 0.51 0.38 0.61 4.64 0.51 0.38 0.61 0 0 0 0
I, = 350 mA 1.51 13.83 1.52 0.96 1.48 13.83 1.51 0.91 1.99 0 0.66 5.211
I3 = 550 mA 1.54 2.46 23.09 2.59 1.54 2.45 23.09 2.56 0 0 0 1.16
Iy = 750 mA 3.73 2.53 3.79 38.62 3.73 2.35 3.73 38.62 0 7.11 1.58 0
I} = 150 mA, I, = 350 mA 5.96 14.30 1.78 1.46 6.15 14.34 1.90 1.57 3.19 0.28 6.74 7.53
I = 150 mA, I3 = 550 mA 6.31 2.82 2343 2.95 6.18 2.96 23.47 32 2.06 4.96 0.17 8.47
I = 150 mA, I, = 750 mA 8.36 3.11 3.93 36.01 8.37 3.24 4.17 39.23 0.12 4.18 6.11 8.94
I} = 150 mA, I, = 350 mA, 7.86 16.66 25.22 3.85 7.68 16.80 24.99 4.16 2.29 0.84 0.91 8.05
I3 = 550 mA
I = 150 mA, I, = 350 mA 11.46 19.30 28.83 39.12 11.42 19.53 28.77 42.78 0.35 1.19 0.21 9.36
I3 = 550 mA, I, = 750 mA
44
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(a) Temperature distribution of thermal images with SO1 chip lit up as the heating source. (b) Temperature distribution of thermal images when the second
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Fig. 9.
chip lights up. (c) and (d) corresponding temperature variation trend of each chip in panel (a) and (b), respectively.
ATy 8.14 2.03 0.90 0.51 1.52 217\ /P
ATy 2.02 1745 191 135 197 129 || P»
AT ~ 1090 1.91 18.14 2.17 1.52 051 || B
AT, | 051 1.35 2.17 18.14 2.03 0.90 || P,
ATy 1.52 1.97 1.52 2.03 17.45 2.03 P
ATy 2.17 1.29 0.51 0.90 2.03 18.1 P
(18)

In (18), the TCM is not a fully symmetric matrix for the
2 x 3-chip module. The 1115 (i.e., the element in the first row and
second column, which has a value of 2.03) is slightly different
from w1 (i.e., the element in the second row and first column,
which has a value of 2.02), when the thermal coupling between
chip 1# and chip 2# is considered. Given that the resolution of
the thermal resistance Ry, is 0.1 [K/W] in the T3ster TelaLED
system, the deviation between 12 and po1 is attributable to the
experimental error during measurement, which can be ignored.
(19) shown at the bottom of the next page.

To demonstrate that the symmetry of the TCM in the MCM
has different heat powers, an array of 2 x 2 chips was used as
an example. In the module, the four chips had different thermal
powers, as they were driven by 150, 350, 550, and 750 mA,
respectively. The results are presented in Table VI

AT, 17.26 1.73 1.30 2.08 P
ATy | | 173 17.26 2.08 1.30 P, 0)
AT, 1.30 2.08 17.26 1.73 Py
AT, 2.08 1.30 1.73 17.26/ \ P,

Time (second)

Fig. 10.  (a) Temperature distribution of thermal images with SO1 chip lit up
as the heating source, and (b) corresponding temperature variation trend of each
chip shown in (a).

In column 2, last row of Tables II-1V, the corresponding
temperature rises of all the chips, which are quite different,
are shown with all the LED chips working. Taking the 2 x 3
model as an example, the temperature rises of the six chips in
Table IV are 18.60, 19.15, 18.32, 18.03, 19.22, and 18.48 °C,
respectively. The differences in the temperature rise of the chips
indicate that the temperature distribution in MCMs is inhomoge-
neous, implying thereby that the thermal coupling effect cannot
be ignored. Such inhomogeneous temperature distribution can
also be seen in the 4-6 circular module, which has many more
chips. Especially, when the chips of a module have different
thermal powers, the inhomogeneous temperature distribution
(see Table VI) becomes more evident. The temperature rises of
the four chips are 11.46, 19.30, 28.83, and 39.12 °C when the
thermal powers are 0.29, 0.86, 1.46, and 2.22 W, respectively.



LU et al.: EFFICIENT MEASUREMENT OF THERMAL COUPLING EFFECTS ON MULTICHIP LIGHT-EMITTING DIODES

Temperature (°C)

20

100

451

Temperature (*C)
L
o

25

Fig. 11.

40 &0
Time (second)

9289

e
o

[

| — 501
| —S02
| — 503

— sS04

S35
@
%32
2
E 28
=

0 20 80

o 20 40 60 &0
Time (second)

100

(a) Temperature distribution of thermal images with SO1 chip lit in 150 mA as the heating source, and (b) corresponding temperature variation trend

of each chip shown in (a); (c) Temperature distribution of thermal images with S02 chip lit in 350 mA as the heating source and (d) corresponding temperature
variation trend of each chip shown in (c); (e) Temperature distribution of thermal images with SO3 chip lit in 550 mA as the heating source and (f) corresponding
temperature variation trend of each chip shown in (e); (g) Temperature distribution of thermal images with S04 chip lit in 750 mA as the heating source and
(h) corresponding temperature variation trend of each chip shown in (g).
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Fig. 12.

(a) Temperature distribution of thermal images with SO1 chip lit up

as the heating source, and (b) corresponding temperature variation trend of each
chip shown in (a); (c) temperature distribution of thermal images with SO2 chip
lit up as the heating source and (d) corresponding temperature variation trend
of each chip shown in (c).

The simulation and experimental results show that the ther-
mal coupling between neighboring dice has a significant influ-
ence on the temperature rise of chips. A comparative study was

made between the thermal analysis results obtained by consid-
ering only the self-heating of the dice, and those obtained by
the proposed method. Taking 1 x 3, 2 x 3-chip modules, and
4-6 circular modules as examples, the temperature rises ob-
tained, with and without thermal coupling, were compared. The
thermal coupling between neighboring dice was ignored and
only the self-heating of the dice (i.e., the diagonal element of
the resistance matrix) was considered. It is found that when
the thermal coupling is considered, the temperature rises of the
three chips are 14.89, 15.82, and 14.97 °C, respectively. Once
the coupling was removed, the temperature rise became 12.92,
12.93, and 12.76 °C, resulting in the maximum difference of
about 3 °C. Likewise, when the coupling was removed in the
case of 2 x 3-chip module, the maximum difference reached
was about 6 °C. As regards the 4-6 circular module, the maxi-
mum difference is about 6.5 °C, which, considering 1 x 3 and
2 x 3-chip modules, indicates that the thermal coupling was not
negligible.

Combining simulated matrix values with those from the real
prototype is useful for the design and thermal manage of LED
MCMs. Thus, to evaluate the reliability of the simulation and
the feasibility of the proposed method, the deviation between
simulated matrices, such as (4), (6), and (10) and those obtained

ATy 18.07 1.39 0.92 1.61 1.92 0.97 0.62 0.49 0.57 1.01 P
AT, 1.39 17.53 1.58 0.92 0.56 1.53 1.97 0.79 0.39 0.39 Py
ATy 0.92 1.58 18.07 1.39 0.49 0.62 0.97 1.92 1.01 0.57 Ps
ATy 1.61 0.92 1.39 17.53 0.56 0.39 0.39 0.79 1.97 1.53 Py
ATy _ 1.92 0.56 0.49 0.56 15.90 0.83 0.39 0.28 0.39 0.80 Ps (19)
AT 0.97 1.53 0.62 0.39 0.83 17.85 1.01 0.32 0.26 0.31 P
ATy 0.62 1.97 097 0.39 0.39 1.01 17.85 0.83 0.31 0.26 Py
ATy 0.49 0.79 1.92 0.79 0.28 0.32 0.83 15.90 0.80 0.39 P
ATy 0.57 0.39 1.01 1.97 0.39 0.26 0.31 0.80 17.85 1.01 Py
ATy 1.01 0.39 0.57 1.53 0.80 0.31 0.26 0.39 1.01 17.85 Py
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(a) Temperature distribution of thermal images with the SO1 chip lit up as the heating source and (b) corresponding temperature variation trend of each

chip shown in (a); (c) temperature distribution of thermal images with the S02 chip lit up as the heating source and (d) corresponding temperature variation trend
of each chip shown in (c); (e) temperature distribution of thermal images with the SO5 chip lit up as the heating source and (f) Corresponding temperature variation
trend of each chip shown in (e); (g) temperature distribution of thermal images with the S06 chip lit up as the heating source and (h) corresponding temperature

variation trend of each chip shown in (g).

by experiment, such as (16), (17), and (18), was estimated with
absolute average errors. For structures 1 x 3, 2 X 2, and 2 x 3,
the absolute average errors are 0.27, 0.53, and 0.44, respectively,
which are primarily due to inconsistency in parameters between
the simulated and real systems, such as density, thermal con-
ductivity, and heat capacity of thermal conductive layers. On
the other hand, the symmetry of TCM in the experiment is not
as good as that in simulation. For instance, the locations of the
chips in the experiment are not exactly in the center of the copper
layer. Besides, the symmetry in the arrangement of chips is not
guaranteed. The deviation between simulation and experiment
can be reduced further by future research.

In addition to T3ster, the temperature distribution over the
surface was also investigated with a thermal imager (Research
N2, Meisheng, China).The temperature of heatsink was set to
25 °C. To verify thermal coupling among the chips, the “non-
trivial chips” were lighted up separately to obtain the tempera-
tures of the chips from thermal images. Figs. 9 to 13 illustrate
the temperature distribution of thermal images and the varying
trends of chips’ temperatures, when the “nontrivial chips” of
1 x 3-chip, 2 x 2-chip, 2 x 2-chip module under four different
thermal powers, 2 x 3-chip, and 4-6 circular chip modules, were
lit up. After a sufficiently long time, the temperature rise of each
chip became stable. As illustrated in these figures, the results
of temperature rise are in agreement with those obtained from
T3ster. For example, in the 2 x 2-chip module (see Fig. 10),
while chip “S01” was lit up as the heating source, the final
temperature rises of chips “S02 to S04” are found to be pro-
portional to their distance from “SO01.” Hence, the temperature
rise of chip “S03” is the smallest, when compared with those
of the other two chips (“S02”, “S04”), because it was the far-
thest from“S01.” These results are not in conformity with those
obtained from T3ster. Current experiments demonstrate that the
TCM and corresponding simplified measurements are effective

for obtaining the temperature distribution of multichip LED
modules.

IV. CONCLUSION

In summary, the TCM, based on electric equivalent circuit,
has been presented to describe junction-temperature distribu-
tion in multichip LED modules. For the multichip LED module
with symmetric arrangement, regardless of differences in ther-
mal powers of chips, a simplified method is proposed to obtain
the whole TCM, in which only the nontrivial chips need to be
tested. Together with infrared thermography, the simulations by
COMSOL, as also the experiments by T3ster, have validated the
simplified method proposed in this study. The TCM, especially
the one modeled with the simplified method, is effective in ob-
taining temperature distribution, rapidly and accurately, for the
thermal analysis of large LED systems with array structures.
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