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A B S T R A C T   

Despite being efficient devices, when compared to other light sources, high power light emitting diodes (LEDs) 
suffer from heating effects that have a negative impact on their reliability. Power LEDs are typically assembled on 
metal core printed circuit boards (MCPCBs) to facilitate the extraction of the heat. Diamond boards can also be 
used for the same purpose, since diamond is the best isotropic conductor of heat known to man and simulta-
neously an electrical insulator. In order to evaluate the impact of the boards on the device lifetime, high power 
Cree LEDs were mounted on FR4, MCPCB, and diamond boards. The case temperature was measured for different 
current ratings, and the aging acceleration factor of the devices mounted on FR4 and diamond boards was 
estimated relatively to the LEDs mounted on the MCPCB boards. Diamond boards were shown to have a 
tremendous impact on the lifetime; for the nominal current level, and depending on the activation energy of the 
aging processes, the LEDs mounted on diamond boards age 60–80 % slower than their counterparts mounted on 
the MCPCB boards.   

1. Introduction 

High power light emitting diodes (LEDs) have become the main light 
source in every day applications. These compact devices have a large 
lighting capability and spend only a fraction of the energy required to 
power filament bulbs, nevertheless self-heating is one of the most 
limiting issues of power LEDs. Although lighting LEDs do not emit IR 
radiation directly, at high levels of current, the non-radiative recombi-
nation processes and the parasitic ohmic losses in the contacts and 
cladding layers cannot be neglected and it is estimated that 75 % of the 
electric power is converted into heat [1]. The LED die is typically 
encapsulated inside a dome-shaped material with a large refractive 
index. This dome improves the extraction of light from the device; 
however, dome materials are also poor conductors of heat, which creates 
an additional issue since convection may no longer be used to remove 
the heat away from the junction. Both LED manufacturers and circuit 
designers have come up with a variety of creative strategies to carry the 
heat away of the junction and guarantee that the junction temperature 
TJ remains as low as possible during device operation. 

At system level, the temperature may be controlled with a thermo-
electric cooler. These devices can be used together with fans [2] or 
thermoelectric generators [3], allowing the thermal energy dissipated 
by the LED to be partially recycled. Heat sinks (HS) are another possi-
bility; as examples, the impact of using graphene-coated [4] and honey 

comb HSs [5] has been evaluated numerically. A HS with integrated heat 
pipes has also been proposed and verified experimentally [6]. 

At circuit level the use of power boards should be taken into 
consideration. Ceramic boards [7] as well as metal core printed circuit 
boards (MCPCBs) are two of the options available to the circuit designer. 
They can be complemented with thermal microvias [8] or heat pipes [9]. 
Huang et al. [10] used polymer-filled composites to further enhance 
radiative heat transfer from the board. Different approaches have also 
been proposed to minimize the package thermal resistance. The effi-
ciency of a power package was increased by 3 % by including a copper 
(Cu) heat spreader [11]. When attaching the LED die to the carrier, 
replacing wire bonding with flip chip improves the extraction of heat 
from the LED die, especially if combined with sub-mounts with large 
thermal conductivity (λ). Different sub-mount materials have been 
proposed, such as alumina (Al2O3) [12], silicon (Si) [13], aluminium 
nitride (AlN) [14,15], and diamond [16]. The LED die has been further 
integrated with a Si TEC MEMS using flip-chip [17] and the impact of 
the solder pads, solder bumps, die attach, and underfills [4,12,13,15,18] 
has also been evaluated. 

Thanks to properties such as high bandgap (5.4 eV), breakdown 
electric field (2 × 107 V/cm), and λ (1800–2000 W/(m⋅K) [19]), dia-
mond comes as a candidate to improve the thermal management of 
power devices. The use of diamond as a HS has been proposed in 1967; 
in comparison with regular Cu HSs, its use doubled the continuous 
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power density of Si avalanche diodes [20]. Diamond has also been used 
to improve the thermal management of power LEDs at different levels. 
Horng et al. [11] mounted the LED die on an aluminium (Al) board 
coated with a diamond-like layer and obtained an 11 ◦C reduction in TJ 
at 350 mA in comparison to mounting the LED on a conventional 
MCPCB. Chen et al. [21] reported a 20 ◦C reduction in TJ at 1 A when the 
LED chips were bonded to Si substrates coated with 20 μm of diamond. 
Fan et al. [22] replaced the Cu HS of white power LEDs with a diamond/ 
Cu composite material and the weight of the internal HS was reduced by 
more than 35 %; simultaneously the thermal resistance and TJ decreased 
10.5 % and 33.3 %, respectively. Diamond films have also been inte-
grated in grooves etched on the upper ITO layer of LEDs [23]. The 
replacement of the AlN carrier of Cree XLamp XB-D LEDs with a dia-
mond plate is estimated to improve the lifetime of the devices by 25 % 
and 50 % for 350 (nominal current) and 800 mA, respectively, and to 
decrease the drift of the wavelength with the current level [16]. 

Despite the promising results of these different approaches, the use of 
diamond plates as a printed circuit boards (PCBs) to directly assemble 
surface mount components has not, to the authors' best knowledge, been 
reported yet. This manuscript aims at filling this gap. To this end, Cree 
cold white XLamp XB-D LEDs were mounted on common FR4, MCPCB, 
and diamond boards and the impact of the different boards on the TJ and 
lifetime of the devices was estimated. The manuscript is organized as 
follows: the LEDs and the experimental setup implemented to measure 
TJ are described in Section 2. An analytical model for the heat transport 
in the considered setup is presented in Section 3. The experimental re-
sults are presented and discussed in Section 4 and the conclusions of the 
work are summarized in Section 5. 

2. Experimental 

2.1. LED and boards layout 

Cold white XLamp XB-D LEDs were purchased from Cree. These LEDs 
have a maximum current rating of 1 A and a small footprint (2.45 ×
2.45 mm2). The cross-section view of an individual LED is shown in 
Fig. 1a. The LED die (in blue color) is composed by a silicon carbide (SiC) 
substrate on which the gallium nitride (GaN) active layers were depos-
ited [16]. The LED die is attached to an AlN carrier (in grey); the LED 
junction terminals and the electrodes deposited on the top surface of the 
carrier are electrically connected via wire bonds (red shapes). Electrical 
vias (not shown) connect electrically the electrodes on the carrier top 
surface to the external anode and cathode terminals at the back of the 
LED package and a thermal pad in the middle facilitates the removal of 
heat generated during the device operation. 

Different 1 cm2 boards were prepared according to the electrode 
layout suggested in the datasheet [24] (0.8 and 1.6 mm-thick FR4, 
MCPCB, and diamond) (Fig. 1a, Sch1); a set of FR4 boards with thermal 
pads was also prepared (Fig. 1a, Sch2). The material, thickness, and λ of 
each layer are listed in Table 1. The LEDs were mounted on FR4/MCPCB 
boards using lead-free solder (Fig. 1b). Initially they were mounted on 
the diamond board using the same solder, however a few trials were 
required to optimize the procedure and the top gold (Au) layer was 
eventually removed during the failed attempts. As a consequence, only 
titanium (Ti)/tungsten (W) layers with a track resistance higher than 
200 Ω remained. Following this experimental issue, the tracks on the 
diamond board were covered with silver (Ag) conductive paint and the 
LEDs were mounted directly on that layer. 

2.2. Temperature measurements 

The boards were mounted on a HS with a Cu core and Al fins (Fig. 2a) 
(with a height/outer diameter of 2/3 and 2.5/8 cm, respectively) by 
means of CPU thermal paste (λ = 12.5 W/(mK)). Two FR4 flaps were 
attached to the HS to facilitate the mounting and removal of each board 
– marked by green arrows in Fig. 2a – and the temperature of the thermal 

pad (hereafter referred to as solder point temperature, TSP) was 
measured by a type K thermocouple placed close to the LED case (red 
arrow in Fig. 2a), according to the instructions provided by the manu-
facturer [25]. The HS was attached to a metallic frame (Fig. 2b) and a 
second type K thermocouple attached to the frame (not shown) 
measured the ambient temperature during the experiments. 

The evolution of TSP and LED voltage as a response to different 
current steps was monitored by a custom-made electronic module 
composed of a PC, a driver and acquisition module, and the LED + PCB 
mounted on the HS. The PC asks for the desired system parameters 
(target LED current, step time) and receives/stores the measured data 
(LED current, voltage, and TSP). All the control and acquisition tasks are 
performed by the driver and acquisition module, which comprises a 
microcontroller (Texas Instruments MSP430FR5994) embedded in a 
development board (Texas Instruments MSP-EXP430FR5994), a current 
driver, a differential voltage amplifier (INA2133UA), a current sensor 
(TMCS1100A4QDR), and a thermocouple amplifier (AD595), pre- 
calibrated for type K thermocouples. The three readings (current, 
voltage, and TSP) are sequentially read by the microcontroller built-in 
ADC with time intervals of 0.1 s and sent to MatLab via serial port. 
The TSP and voltage of LEDs mounted on different boards were measured 
as a response to current steps between 100 and 700 mA with a step of 
100 mA and also for 350 mA (datasheet nominal current). The LEDs 
were allowed to cool down to room temperature between successive 
measurements. 

3. Analytical thermal model 

In this section, we will formulate an equivalent thermal model for the 
LED mounted on different substrates considered in the experimental 
studies outlined in the previous section. To develop such a model, a 
number of simplifying assumptions have to be made. First, we assume 
that the λ of the substrate materials such as metals and solid dielectrics 
can be considered constant with temperature. For metals such as Cu, this 
assumption is well justified because the variation of conductivity with 
temperature is low within the relatively narrow range of temperatures 
we are interested in. The same can be said about the ceramic and dia-
mond substrates. Regarding the FR4 substrate — which is a composite 
material formed by fiberglass and epoxy resin — there is simply no 
reliable data on the variation of λ of this complex material with tem-
perature. Also, it has to be mentioned that FR4 is not a specific substrate 
material: FR4 is just a NEMA1 grade of material. The properties of 
particular FR4 grade materials depend on the epoxy content, glass 
weave thickness and type, and many other factors. Moreover, the λ of 
FR4 materials is anisotropic, with an in-plane component that is three to 
four times larger than the out-of-plane component. Therefore, in the FR4 
board case we are limited to using an empirical value of the conductivity 
in the range from 0.2 to 1.0 W/(m⋅K). 

In order to take into account cooling due to air convection, we as-
sume that the models of heat convection used for the electronic com-
ponents mounted on a PCB can be also used in our case [30]. In such 
models, the convection is taken into account by an equivalent heat 
transfer coefficient (natural convection heat transfer coefficient) that 
depends on the temperature gradient and the dimensions of the PCB 
with electronic components. For vertical plates and cylinders, the nat-
ural convection heat transfer coefficient can be expressed as 

hc = ξ⋅
(

ΔT
L

)1/4

, (1)  

where ξ = 1.42 W ⋅ m− 7/4 ⋅ K− 5/4 is an empirical constant [30], ΔT is the 
difference between the hot object temperature and the ambient air 
temperature, and L is the vertical dimension of the plate or the length of 

1 NEMA stands for National Electrical Manufacturers Association. 
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the cylinder. In the case of square PCBs, L =
̅̅̅̅̅̅
AB

√
, where AB is the area of 

the board. 
Additional cooling of the board due to thermal radiation can be 

estimated by using the Stefan-Boltzmann law: 

Prad = ϵeff ⋅σ⋅
(
(T − T0K)

4
− (Tamb − T0K)

4 )⋅AB, (2)  

where Prad is the radiative thermal transfer power, T and Tamb are the 
temperatures of the board and the ambient, respectively, T0K = −

273.15
◦

C, σ ≈ 5.67 × 10− 8W/(m2 ⋅ K4) is the Stefan-Boltzmann constant, 
and ϵeff is the effective emissivity factor of the board surface. 

Besides the extra heat loss due to convection and radiation, there is 
another parasitic channel of heat dissipation, which exists in the 
experimental setup shown in Fig. 2: the wires that connect the LED to the 
current source. The influence of these wires on the temperature mea-
surements is important for thicker boards with lower λ. To take into 
account this effect, one has to solve the problem of heat dissipation 
through a wire with certain thermal resistance per unit length and 
certain heat conductance to the ambient air (also per unit length of 
wire). To estimate this heat conductance for vertical wires, we can use 
Eq. (1), where L = lw is the wire length. We can assume that the far ends 
of the wires are at the ambient temperature. Then, for the heat power 

Fig. 1. (a, top) LED cross-section view (drawing not to scale). (a, bottom) Electrodes layout. LEDs mounted on different boards: (b, top) FR4 boards (electrode layout 
Sch1 and Sch2) and (b, bottom) MCPCB/diamond boards (electrode layout Sch1). 

Table 1 
Structure, dimensions, and thermal conductivity (λ) of the different boards 
layers.  

Board Layer (top to 
bottom) 

Material Thickness 
μm 

Thermal 
conductivity W/ 
(m⋅K) 

FR4 [25] Metallization Cu 70 400 
Dielectric FR4 800/1600 0.81–1.059 (in- 

plane) [26,27] 
0.29–0.343 (out- 
of-plane) [26,27] 

MCPCB  
[25] 

Metallization Cu 70 400 
Dielectric Unknown 100 2.2 
Metal core Al 1588 150 

Diamond  
[28] 

Metallization Ti/W/Au 1 (Au 
layer) 

318 [29] 

Ag 
conductive 
ink 

Unknown Unknown 

Dielectric Diamond 300 1800  

Fig. 2. (a) MCPCB on HS; FR4 flaps (green arrows) facilitate boards assembling/removal and a thermocouple (red arrow) touches the LED case. (b) HS assembled 
with metallic frame. 
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dissipated through the wires we can write (see Appendix A): 

Pw = 2⋅π⋅

(

T − Tamb

)

⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2λwhc,avr3
w

√

⋅coth

(

lw⋅

̅̅̅̅̅̅̅̅̅̅̅

2hc,av

λwrw

√ )

, (3)  

where λw is the λ of the wire material (Cu), rw is the wire radius, and hc, av 
is the average value of the heat transfer coefficient along the wire. An 
average has to be taken because the temperature is varying along the 
wire. A good approximation to hc, av can be obtained from Eq. (1) with 
ΔT = (T − Tamb)/2. The coefficient 2 in front of Eq. (3) is due to the fact 
that there are two wires of the same length and diameter. 

Taking into account the heat dissipation mechanisms considered 
above, we arrive at the equivalent heat conduction network shown in 
Fig. 3. In this network, RJC is the equivalent thermal resistance between 
the p-n junction of the LED and its case, RB,1 is the thermal resistance 
across the board, for the heat flux that is concentrated under the LED's 
case, RM is the thermal resistance of the metal traces that connect the 
thermal pad under the LED to the large thermal pads at the edges of the 
board (if present), RB,2 is the thermal resistance for the heat flux 
concentrated under the mentioned pads, RHS is the thermal resistance of 
the HS, and Rex is the (generally, temperature-dependent) resistance that 
describes the extra heat dissipation through convection, radiation, and 
feeding wires. In the board configurations without extra thermal pads, 
RM and RB,2 should be excluded from the network. The value of RJC is 
given by the LED manufacturer, and the values of RB,i, i = 1, 2 and RM are 
found as follows: 

RB,i =
h

λBAi
, RM =

ltr

2wtrttrλM
, (4)  

where λM and λB are the thermal conductivities of the metallization layer 
and the board dielectric, respectively, h is the board thickness, A1 is the 
total area of the contact and thermal pads near and under the LED's base 
(including the pads for wire soldering), A2 is the total area of the two 
exterior thermal pads (which is the same as twice the area of a single 
pad; the coefficient 2 in the denominator of RM is for the same reason), 
and ltr, wtr, and ttr are the length, width, and thickness of the metal 
traces, respectively. 

In the equivalent circuit of Fig. 3, TJ is the junction temperature, TSP 
is the temperature at the soldering point, THS is the temperature at the 
HS, and T0 = Tamb is the ambient temperature. PTh is the heat generation 
power at the LED's junction. 

To solve for the unknown temperatures in this circuit, we consider 
the following system of equations: 

TJ − TSP = RJC⋅PTh, (5)  

TSP − THS = (PTh − Pex)
/(

R− 1
B,1 +

(
RM + RB,2

)− 1
)
, (6)  

THS − Tamb = RHS⋅(PTh − Pex), (7)  

Pex = hc,B⋅(TSP − Tamb)⋅AB +Prad +Pw, (8)  

where Pex denotes the heat flux through Rex and hc,B is the convection 
coefficient for the board, Eq. (1), with ΔT = TSP − Tamb and L =

̅̅̅̅̅̅
AB

√
. 

Analogously, when using the expressions for Prad and Pw [Eqs. (2) and 
(3)], we assume that T = TSP. 

In this system, the first three equations are linear. The fourth equa-
tion is nonlinear in the temperature variables. To simplify the following 
considerations, without any loss of generality, we may assume that the 
HS resistance, RHS, is negligibly small: RHS ≈ 0. Then, THS ≈ Tamb. Then, 
from the second equation we obtain: 

Pex = PTh −
(

R− 1
B,1 +

(
RM + RB,2

)− 1
)

⋅(TSP − Tamb). (9) 

By substituting Eq. (9) to Eq. (8) we obtain a nonlinear equation for 
TSP that can be solved numerically. 

4. Results and discussion 

The evolution of TSP as a response to a 700 mA current step is shown 
in Fig. 4a. The data for FR4/MCPCB and diamond boards were acquired 
during 300 and 1500 s, respectively; curves obtained at different current 
levels show a similar trend. The steady-state TSP values for all the boards 
were obtained by fitting the experimental curves with a 2nd-order 
exponential (yellow curves). TJ was estimated using the expression: 

TJ = TSP +PTh⋅RJC, (10)  

with PTh the thermal power (calculated as 75 % of the electric power 
[1]) and RJC the thermal resistance between junction and case (6.5 ◦C/W 
according to the data sheet). The values of TSP and TJ obtained at 350 
and 700 mA with the different boards are listed in Table 2. As expected, 
the highest TJ values were obtained for the thicker FR4 board without 
thermal pads (FR4_Sch1_1.6 mm): 76.0 (142.7) ◦C at 350 (700) mA. 
When the board thickness was reduced to 0.8 mm (FR4_Sch1_0.8 mm), 
TJ decreased to 65.1 (118.1) ◦C for the same current levels. The inclusion 
of thermal pads at the top surface of FR4 boards promoted the transfer of 
heat to the environment by convection/radiation and reduced TJ by 
23.0/16.2 ◦C (thickness 1.6/0.8 mm) at 350 mA and 51.3/39.9 ◦C 
(thickness 1.6/0.8 mm) at 700 mA. The thermal pads were shown to 
have a larger impact on TJ than the board thickness; this is due to the 
different in-plane and out-of-plane λ values of FR4 boards. These results 
suggest that thermal pads should be included whenever possible; by 
taking advantage of the higher out-of-plane λ of the FR4, the thermal 
pads effectively promote the transfer of heat to the environment. When 
the LED was mounted on a MCPCB (as suggested by the manufacturer), 
TJ decreased to 41.8 (60.4) ◦C at 350 (700) mA. This reflects the 
significantly larger out-of-plane λ of the metal core in comparison to the 
FR4 layer (150 against 0.29–0.343 W/(m⋅K)). TJ further decreased 7.3 
(13.0) ◦C for the same current levels when the MCPCB was replaced with 
a diamond board. 

The results of the analytical model are presented in Table 2 alongside 
the corresponding experimental results. For LEDs mounted on 1.6 and 
0.8 mm-thick FR4 boards, the results of the analytical model can be 
made consistent with the experimental results after adjusting the 
effective value of λ of the FR4 substrate. Although the variation of the 
ambient temperature during the measurements may influence the 
comparison of these results, in the analytical calculations we assumed a 
fixed ambient temperature (see Table 2). Under these assumptions, we 
obtain that for the thicker board the effective value is λB = 0.5 W/(m⋅K), 
and for the thinner one, λB = 0.35 W/(m⋅K). Higher effective λ value for 
the thicker board can be explained by a more pronounced lateral 
spreading of the heat flux inside the thicker board due to the high 
anisotropy of FR4 materials. The obtained effective values are within the 
typical range of λ of FR4 substrates [0.3 W/(m⋅K) for the out-of-plane 
and 0.9 W/(m⋅K) for the in-plane component [26,27]]. At high LED Fig. 3. The equivalent circuit of the heat transfer corresponding to the exper-

imental setup from Fig. 2b. 
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currents, the difference between the experimentally obtained tempera-
ture values and the ones predicted by the analytical model is higher. This 
is expected, because the analytical model does not take into account the 
variation of LED's light emitting efficiency with temperature. The model 

also neglects the temperature dependence of λ of board materials. 
We have found that in the case of the diamond board, the total 

thermal resistance between the LED's thermal pads and the ambient is 
dominated by the HS resistance. In this case, the complete equivalent 
model shown in Fig. 3 reduces to just a series connection of RJC = 6.5 K/ 
W, RB,1 = 0.04 K/W, and RHS. From the temperature values measured at 
the beginning of the horizontal plateau in the diamond curves (see 
Fig. 4a), the HS resistance can be roughly estimated as RHS ⪆ 5 K/W. 

The evolution of the LED voltage as a response to a 700 mA current 
step is shown in Fig. 4c. For a given board, the LED voltage decreases as 
TSP (and consequently TJ) increases. The maximum difference between 
the initial and final voltage values occurs with board FR4_Sch1_0.8 mm 
and not with the board that induces the highest steady-state TJ 
(FR4_Sch1_1.6 mm). In addition, when comparing the performance of 
the different boards, it can be seen that the steady-state value of the LED 
voltage does not decrease monotonically with the steady-state TJ, as 
could be initially expected. The I–V relationship in a p-n diode is given 
by the modified Shockley equation [31]: 

I = IS⋅
[

exp
(

V − I⋅RS

n⋅VT

)

− 1
]

, (11)  

where IS is the saturation current, VT the thermal voltage, n the ideality 
factor, and RS the series resistance. Here, n accounts for phenomena such 

Fig. 4. (a) Evolution of TSP as a response to 700 mA current steps. Yellow lines: curves obtained by fitting to a second-order exponential. (b) Evolution of diode 
voltage as a response to 700 mA current steps. (c) Initial and final values of LED voltage for 700 mA. 

Table 2 
Steady-state TSP and TJ for the different boards and for different current levels.   

Board Current (mA) 

350 700 

Exp. Theor. Exp. Theor. 

TSP (◦C) FR4 Sch1 1.6 mm  71.1 70.0a 132.7 118a 

FR4 Sch1 0.8 mm  60.0 61.5b 107.8 102b 

FR4 Sch2 1.6 mm  48.1 49.9a 81.3 79.9a 

FR4 Sch2 0.8 mm  43.7 44.6b 67.7 69.2b 

MCPCB  36.5 35.2 49.3 51.5 
Diamond board  29.3 (See in text) 36.1 (See in text) 

TJ (◦C) FR4 Sch1 1.6 mm  76.0 75.9a 142.7 128a 

FR4 Sch1 0.8 mm  65.1 66.6b 118.1 112b 

FR4 Sch2 1.6 mm  53.0 54.8a 91.4 90.0a 

FR4 Sch2 0.8 mm  48.9 49.7b 78.2 79.8b 

MCPCB  41.8 40.4 60.4 62.5 
Diamond board  34.5 (See in text) 47.4 (See in text)  

a Assuming λB = 0.5 W/(m⋅K) and Tamb = 20
◦

C. 
b Assuming λB = 0.35 W/(m⋅K) and Tamb = 20

◦

C. 
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as generation and recombination of carriers in the depletion layer, high- 
injection condition that may occur even at relatively small forward bias, 
tunneling of carriers between states in the bandgap, and surface effects, 
whereas Rs reflects the parasitic resistances of contacts and cladding 
layers. For small current levels (when the effect of the internal series 
resistance in negligible), the temperature dependence of the voltage 
drop across a p-n junction is given by [32]: 

dV
dT

=
V
T
−

q⋅EG + n⋅l⋅VT

T
, (12)  

where q is the electron charge, EG the nominal bandgap, l the power 
factor in the temperature dependence of the square of the intrinsic 
carrier concentration ni

2, and T the absolute junction temperature. 
However, the GaN-based LEDs studied in this paper are composed of a 
double heterojunction and multiple quantum wells. Besides the gener-
ation/recombination of the carriers (the dominant effect in p-n homo-
junctions), other charge transport processes may take place, such as 
thermionic emission [31], tunneling, surface states [33], Poole-Frenkel 
emission, hopping [34,35], and space-charge current limitation [36]. 
Each of these processes has its own temperature dependency, which 
prevents the derivation of an equation that expresses accurately the 
temperature-dependency of the diode voltage. In addition, the level of 
current that flows through the LED is significant and the voltage drop 
across the series resistance should not be neglected. At room tempera-
ture and 350 (700) mA this value is 0.13 (0.26) V (assuming Rs = 0.365 
Ω [37]). Unlike what happens with Si, the temperature increase may 
cause a decrease in the resistivity of both p [38] and n-type [39] GaN 
layers due to a more complete activation at higher temperatures. This 
means that, as temperature increases, the voltage drop across Rs may 
decrease. Since the temperature dependence of the voltage drop across 
the junction itself and across Rs are different, the LED voltage may not 
show a monotonic dependency on TJ. 

TJ has a tremendous impact on the lifetime of an LED. The mean time 
to failure (MTTF) is defined as the point at which the light output de-
creases to a given value, usually 70 % of the initial intensity [32]. The 
MTTF of a device can be calculated using the Black model [40,41] as: 

MTTF = I0⋅J− n⋅exp
(

q⋅Ea

kB⋅T

)

, (13)  

where I0 is a constant, J the current density, n a scaling factor, q the 
electron charge, Ea the activation energy of the failure mechanisms (in 
eV), kB the Boltzmann constant, and T the junction absolute tempera-
ture. Due to the unavailability of constants I0 and n, the LED MTTF 
cannot be calculated directly. Instead, the decrease in the lifetime of an 
LED operating at higher temperature can be calculated by computing the 
acceleration factor (AF) as the ratio of the MTTFs under nominal oper-
ating conditions and at elevated operating temperatures. The AF can 
thus be defined as: 

AF =
TTFnom

TTFst
=

(
Jst

Jnom

)n

⋅e
q⋅Ea
kB

⋅

(

1
Tnom − 1

Tst

)

(14)  

where Jnom (Tnom) and Jst (Tst) are the current level densities (junction 
temperature) at nominal and stress conditions, respectively. In the 
current case, the AF allows the estimation of the lifetime increase/ 
decrease when the MCPCB (the board suggested by the manufacturer) is 
replaced with other boards. For a given current level, the AF can be 
calculated as: 

AFMCPCB =
TTFMCPCB

TTFboard
= e

q⋅Ea
kB

⋅

(

1
TJ,MCPCB

− 1
TJ,board

)

, (15)  

where TJ, MCPCB and TJ, board is the junction temperature with the MCPCB 
and with other boards, respectively. 

The Ea of GaN failure mechanisms depends on the processes and 

materials used by the manufacturer [41]. In the lack of data relative to 
Cree LEDs, the AF was calculated for the minimum (1.05 eV) and 
maximum (2.5 eV) values of Ea found in the literature and for two levels 
of current, 350 and 700 mA. The results are presented in Fig. 5. 

When the LED is mounted on an FR4 board, TJ for a given current 
increases in comparison with TJ with the MCPCB – and the lifetime 
consequently decreases. When operated at 350 mA and considering the 
lowest Ea (1.05 eV, which corresponds to the slowest aging), the LED 
ages twice as fast if mounted on the thinner board with thermal pads 
(FR4_Sch2_0.8 mm) and 44 times faster if mounted on the thicker board 
without thermal pads (FR4_Sch1_1.6 mm). At 700 mA the aging speed 
increases six and 1000 times for the same boards. For the highest Ea the 
LED ages eight (350 mA) and 80 (700 mA) times faster when mounted 
on board FR4_Sch2_0.8 mm. With the FR4_Sch1_1.6 mm board AF scales 
to a few thousand. If the use of an MCPCB is not an option, the LED 
should be mounted on the thinnest available FR4 board – and thermal 
pads should cover the entire area of the board without tracks. These 
results can be extrapolated to any power device. 

On the other hand, the MTTF increases significantly when the LED is 
mounted on the diamond board (in comparison with the MCPCB). For 
the lowest Ea, MTTF increases 60 (80) % for a current of 350 (700) mA. 
For 2.5 eV, the AF is as low as 0.11 (0.03) (350 (700) mA). If mounted on 
the diamond board, the LED could be operated at 700 mA – and this 
would have a negligible impact in comparison to the MTTF of a similar 
LED mounted on a MCPCB and operated at 350 mA. 

These results show that, for highly demanding applications in terms 
of power/lifetime, the use of diamond boards should be considered. 
However, some issues still remain unaddressed. One of them is the high 
cost of these boards in comparison with standard MCPCBs. Replacing 
MCPCBs in common luminaries with diamond boards, for instance, is 
not realistic. However, for high end applications – such as the case of the 
space industry – the use of diamond boards can bring an additional 

Fig. 5. Acceleration factor induced by replacing the MCPCB with each of the 
other boards for a current level of (a) 350 and (b) 700 mA. 
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advantage. An example is the development and commercialization of 
the GaN-on-diamond technology to fabricate HEMTs and power ampli-
fiers, radio, and transmitter modules for space satellites by Qorvo and 
Akash Systems. However, in the GaN-on-diamond technology the dia-
mond is integrated at the wafer level, whereas this paper focuses on 
using diamond at board level. 

Another issue that was encountered during this work is the high 
electrical resistance of the electric pads. Diamond boards with specific 
electrical pads can be purchased from different manufacturers around 
the world simply by supplying a file with the required electrode layout. 
A thin layer of Ti/W guarantees the adhesion of the metal electrode to 
the diamond surface - and the final Au layer allows the integration with 
the device. However, this Au layer is much thinner than the Cu layer of a 
regular PCB. The track resistance of a 1 mm × 1 mm patch of Au is 22 
mΩ, 100 times higher than that of a similar PCB patch. This Au layer is 
easily removed from the metal stack and, if this happens, an extremely 
thin (a few tenths of nm) Ti/W layer with a very high track resistance is 
all that is left to solder the components. In addition, the regular solders 
are prepared to be used on Cu surfaces, which may bring an additional 
difficulty during the soldering step. 

Finally, diamond plates feature a very low coefficient of thermal 
expansion (CTE, 1 × 10− 6/◦C at room temperature). On one side this is 
an advantage, since diamond boards show a greater dimensional sta-
bility than common FR4 boards (with CTE = 9.2 × 10− 6/◦C). Never-
theless, the CTE of the device carrier should also be considered; in case it 
is significantly higher, thermal cycling can lead to the early failure of the 
solder layer. 

5. Conclusions 

The junction temperature of Cree cold white XLamp XB-D LEDs 

mounted on 1 cm2 FR4, MCPCB, and diamond boards was measured for 
different current ratings. The experimental results were additionally 
validated with an analytical thermal model. Compared with the MCPCBs 
commonly used to mount power LEDs, FR4 boards show a much poorer 
thermal performance, as expected; in the worst case, and taking as a 
reference the MCPCB board, the junction temperature increases ≃34 and 
≃72 ◦C for 350 and 700 mA forward current, respectively. The 
replacement of the MCPCB with diamond decreases the junction tem-
perature, for the same current levels, by ≃19 and ≃24 ◦C, respectively. 
The variation in the junction temperature has a tremendous impact on 
the lifetime of the LEDs. Depending on the activation energy of the aging 
processes, LEDs mounted on the diamond board will age 60–90 % slower 
for 350 mA forward current and 90–99 % slower for 700 mA, in com-
parison with those mounted on the MCPCB. There results show the 
potential of using diamond boards; however, their high cost in com-
parison with MCPCBs limits their use to specific and high demanding 
scenarios, such as space applications. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

This work is funded by FCT/MCTES through national funds and 
when applicable co-funded by EU funds under the projects UIDB/ 
50008/2020-UIDP/50008/2020 and UID/EEA/50008/2019.  

Appendix A. Heat dissipation through wires 

The heat conduction equations for a vertical wire whose top end is kept at a fixed temperature Tamb and the bottom end at the temperature T (0)+
Tamb, T (0)〉0, can be written as follows (x is the coordinate along the wire): 

dT (x)
dx

= −
P(x)

λwπr2
w
, (A.1)  

dP(x)
dx

= − 2πrwhc,avT (x). (A.2) 

The solution of this system of equations that satisfies the boundary conditions at the two ends of the wire is 

T (x) =
T (0)sinh(α(lw − x) )

sinh(αlw)
, (A.3)  

P(x) =
P(0)cosh(α(lw − x) )

cosh(αlw)
, (A.4)  

where α =

̅̅̅̅̅̅̅̅
2hc,av
λwrw

√

. Eq. (3) can be obtained by substituting Eqs. (A.3)–(A.4) into Eq. (A.1) with P(0) = Pw/2 and T (0) = T − Tamb. 
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