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Abstract. Thermal relaxation differential spectrometry (TRDS) was used to study the thermal
parameters of samples with various design features for heat removal - a powerful LED lamp (150
W) used in industrial and street lighting, low power LED lamps (4 W) with filament emitters, as
well as SMD emitter. It is shown that the method of thermal relaxation differential spectrometry
is effectively applicable to the study of the structure of thermal parameters of both high-power
and low-power LED devices. The method is informative and allows to study in the distribution of
thermal resistance and heat flux over the volume and layers of the LED device detail. The use of
the TRDS method allows the optimization of the thermal design of LED devices to reduce the
overheating temperature of their active regions, and, therefore, to reduce the degradation of LED
devices.

Keywords: thermal resistance, thermal relaxation time, thermal relaxation differential
spectrometry method, high-power LED lamp, filamentary emitters, SMD emitters, heat spreading
profile, thermal resistance structure.

1. Introduction

Thermal parameters were studied for a sample of a CD-RL850-150 high-power LED lamp,
manufactured by Cedar Electronics, used in industrial and street lighting. The active element of
the lamp is an integrated matrix of the CXM22 type of chip on board (COB) technology with a
color temperature of 2200K. For comparison, similar studies were performed low power lamps.
The analysis of the thermal parameters of the measured sample was carried out by the method of
thermal relaxation differential spectrometry (TRDS) using a relaxation impedance spectrometer
developed at the Belarusian National Technical University (BNTU) [1, 2]. In the TRDS method,
as opposed to the known methods that use the structure-function and the differential structure
function [2-17], as well as those included in the standard [18], the output of measurement results
of the thermal parameters of the measured samples is carried out in the form of a spectrum of
thermal parameters, similar to conventional types of spectrum, for example, optical. This type of
data presentation is quite informative and convenient for analyzing measurement results. Besides,
the TRDS method allows one to obtain a profile of the distribution of the effective cross-section
of the heat flux along with the propagation of heat in the sample. The TRDS method uses an
original algorithm for direct differential transformation of the transient equations of dynamic
thermal impedance into electrothermal models in the time domain, bypassing frequency
transformations (frequency deconvolution) powerful LED lamps with filament emitters, as well
as with SMD emitters.
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Fig. 1. External view of the a) CD-RL850-150 lamp and b) the COB matrix

2. Experimental technique

The measurements were carried out in the operating mode of power supply for this type of
lampI =24 A, U =55V, T =20 °C, in various modes: in the LED position with the emitter up
and down; with different degrees of clamping of the COB matrix; with active ventilation of the
radiator and without ventilation. When calculating the thermal resistance of the lamp, the power
efficiency was taken to be 0.5.

In the sample under study, the profile of the distribution of the heat flux from the active layer
to the external environment, the thermal time constants of the elements of the device cases, and
the structure of thermal resistance in the form of a discrete and continuous spectrum are
determined. The continuous spectrum is calculated on the basis of the higher-order derivatives of
the dynamic thermal impedance and corresponds to the Foster model (Fig. 2(a)), and the discrete
spectrum is calculated on the Cayer model (Fig. 2(b)) according to the principle of electrothermal
analogy.
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Fig. 2 a) Thermal RC model of Foster and b) of Cayer in accordance
with the concept of the electro-thermal analogy

Analysis of the measurement results of the overheating temperature during self-heating and
cooling of the sample based on the representation of its structure as an equivalent thermal RC
circuit for multilayer systems allows one to determine the value and structure of the thermal
resistance of a semiconductor device. For analysis within the framework of the Foster model, the
logarithmic time derivatives of the dynamic thermal resistance are determined, defined as
R*(t) = AT(t)/PT. Higher-order derivatives (m > 1) are used to increase the temporal resolution
of the structural components R; with close ti:
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This approach allows us to increase the number of devices resolved within the framework of
the method of thermal structural elements to n = 10-12 (sources mention n = 3-5). Further, this
differential spectrum obtained within the framework of the Foster model is recalculated into a
discrete spectrum within the framework of the Cayer model, which corresponds to the real
processes of heat propagation in the device to a greater extent.

Additionally, the analysis of the spreading of the heat flux in the structures under study was
carried out based on the concept of thermal diffusivity (thermal effusion). To determine the
spreading area of the heat flux along with the structure of the semiconductor device, the ratio
between the thermal resistance R and the heat capacity C of the layers of the components of the
device structure is used:

R a 1

¢~ %252 keypst 2)

Thus, knowing the k, cp, p parameters of the structure layers, the thermal resistance R and the
heat capacity of the layers C, obtained from the discrete thermal spectrum, it is possible to
determine the distribution of the cross-sectional area of the heat flux from the crystal surface to
the external environment.

From the layer-by-layer values of the components of thermal resistance and heat capacity, the
effective cross-sectional area of the heat flux (Se) in the structure under study, and the profile of
its distribution from the active layer to the outer boundary of the sample under study were
determined [1].

The time sweep of the TRDS spectra was 10 orders of magnitude from the initial point and
was performed in the interval (heating/cooling) < 104c and a resolution of 2-10c, which
corresponds to the relaxation times of heat on the internal thermal resistance of the sample under
study.

3. Experiments, analysis, and discussion of measurement results

As a first approximation, when studying layer-by-layer heat spreading, the layer structure of a
CD-RL850-150 lamp can be represented (Fig.3) as a sequential model with six functional
elements:

1. Multiple LED crystal (n-LED chip).

2. Attachment zone (usually by soldering) of the crystal (Die Attach) on the substrate.

3. PCB printed circuit board (printed circuit board).

4. DBC sintered substrate (Direct Bond Copper).

5. TIM paste — thermal interface material.

6. Heat radiator.

An estimate shows that thermal scattering through the phosphor and the lens is insignificant in
relation to scattering in other parts of the lamp and was not taken into account in the analysis.

From the analysis of the time dependence of the temperature of the active region of the COB
matrix by the TRDS method, the thermal parameters of the measured sample and its structure in
the form of discrete and continuous spectra (depending on the thermal relaxation time constant)
and the distribution profile of the effective cross-section of the heat flux from the active region of
the lamp to the environment are found (Fig. 4).

Fig. 4 shows the spectra of thermal parameters of the CD-RL850-150 lamp obtained from
measurements in the upward emitter position and in additional modes with the forced blowing of
the radiator (air blow) and with a weakened clamping of the COB matrix to the radiator (poor
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contact). Discrete spectra, in the form of vertical dashes, correspond to the Cayer model, and the
continuous ones correspond to the Foster model. For the investigated lamp, the spectral resolution
was set, sufficient for constructing 9-link (9th order) electrothermal RC-models. Such
discretization of the spectra is quite informative for a given type of sample and it is relatively easy
to interpret the structure of a given sample. Figure 4 also shows the distribution of the effective
cross-section of the heat flux for the convenience of interpretation and identification and analysis
of zones of inhomogeneous heat relaxation Se(t). Following the specified resolution of the model,
9 layer components, inhomogeneous in thermal parameters, for the internal thermal resistance of
the lamp, designated as R1-R9, were identified on the spectra. From the analysis of the TRDS
spectra, the components of the layered structure of the lamp are identified as follows: R1 and R2
are the thermal resistances of the surface and volume of the crystal, respectively; R3 — crystal and
PCB layer landing zones; R4 - TIM layer; R5, R6, R7, - internal resistance of the radiator heatsink;
R8 and R9 are the resistances of the radiator — external medium transition region. Components
R1-R3, located in the initial spectral region in the 0.01-2 ms time range, corresponding to the COB
matrix.

PCB dielectric
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Lens Optics

DBC substraie

Heatsink Cooling

2
=
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Fig. 3. Schematic structure of the CD-RL850-150 lamp

Fig. 4 shows that the most significant contribution to the total thermal resistance R;, is made
by the resistance of the radiator, which is associated with the design features of this radiator in its
inner part near the border with the COB matrix. It is also seen that the effective area and its
distribution Se(t), for the heat flux, are significantly lower than the theoretically possible one,
determined by the geometric dimensions of this area. For example, it follows from measurements,
that in the middle area of the LED chip S, = 125 mm?, which is about 30 % of the geometric area
of this area. This can be attributed to the discreteness of the LED crystal itself and the
inhomogeneous distribution of the current density in the cross-section of the crystal. Further, as
can be seen in Fig. 4, in the time interval of 1-10 ms (in the zone of the crystal landing), a
narrowing of the heat flux occurs, which is called a thermal bottleneck. This effect is caused, as a
rule, by the poor quality of the crystal fit due to defects in the soldering zone. A significant increase
in the thermal inhomogeneity of this layer can lead to the appearance of regions of local
overheating, i.e. hot spots, at the crystal-solder interface. Then, in time (t = 10-100 ms), a
relatively monotonic increase in the spreading of the heat flux to the next thermal barrier, the TIM
layer, is observed in the DBC metal-ceramic substrate. In this region, the cross-sectional area of
the heat flux is approximately equal to the geometric area of the crystal — 300 mm?. In a similar
way, the spreading of the heat flux occurs in zones with increased thermal inhomogeneity in the
inner region of the radiator (t = 1-20 s) and at its border with the environment (¢t = 200-1000 s).
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In the final region of heat spreading into the environment, the effective cross-sectional area of the
heat flux is significantly lower than the area of the radiator fins, which indicates its low thermal
efficiency. For unambiguous identification in the TRDS spectra of the layer structure, additional
measurements were carried out in the mode with the forced blowing of the radiator and in the
mode with a weakened pressing of the COB matrix to the radiator (red dotted lines in Fig. 4). As
can be seen from the figure, this made it possible to accurately identify the position of the TIM
layer (R4) and the heatsink — external environment (R8, R9) boundaries in the obtained spectra. It
is also obvious that the use of active cooling (blowing of the heatsink fins) significantly lowers
the thermal barrier in the transition layer at the heatsink — external environment (R8) interface,
and weak pressing of the COB matrix to the substrate leads to an increase in the transition thermal
resistance R4 of the TIM layer.
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Fig. 4. Discrete (vertical lines) and differential (continuous monotone line) thermal resistance
spectra R, (1) of CD-RL850-150 lamp. Distribution of thermal flow cross-section S, (7)
over thermal relaxation times (secondary scale)

Fig. 5 shows comparative spectra of thermal parameters obtained at 2 lamp positions — emitter
up and down.

It can be seen from the figure that when the lamp is directed downward, the internal resistance
of the radiator decreases mainly due to the components R6 and R7, and the lateral spreading of
heat in this region of the radiator increases.

Table 1. Experimental thermal characteristics of CD-RL850-150 lamp structure components

Layer components | Thermal resistance R;;, K/W | Thermal relaxation time 7,y
LED die 0.023 0.21 ms
Die attach 0.09 6.5 ms
COB 0.12 6.8 ms
TIM 0.11 0.082's
Heatsink” 0.63/0.74/0.54 1700 s
Rjq of lamp” 0.85/0.95/0.75
“LED down/ LED up/ LED up +active cooling
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The numerical values of the thermal parameters for individual layers of the lamp at different
positions and modes of lamp cooling are summarized in Table 1.
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Fig. 5. Thermal resistance spectra R, (t) and the distribution of thermal flow cross-section S, (7)
(secondary scale) over thermal relaxation times. Red lines — LED light direction down, blue lines — LED up
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Fig. 6 shows the measured time dependence of the overheating temperature AT of the active
region of the lamp (continuous line in the graph) and the discrete-time spectrum of the overheating
temperature (vertical lines) for the cases of cooling the radiator by natural convection of air,
passive cooling (dash line) and forced blowing active cooling (blue), as well as in the upward
emitter position with passive cooling (red).

It can be seen from the figure that AT monotonically increases during the first 2 hours after
switching on under load and reaches a level of 61°C with passive cooling and 50 °C with active
cooling. In the position of the lamp with the emitter downward, the overheating temperature is
55-56 °C without forced cooling. The thermal (Joule) power dissipated by the lamp was 65 W.
From the figure, it is also possible to estimate the discrete distribution of the overheating
temperature change on various elements of the lamp.

The structure of the relative distribution of the thermal resistance of various lamp elements is
shown in Fig. 7 in the form of a circular diagram.

Heatsink-  LED Heatsink-  LED Heatsink- LED
Ambient | Ambient ! Ambient |
Boundary 3% Die Attach Boundary 2% Die Attach Boundary 3% Die Attach
‘ IM | TIM [ M
Internal of Internal of Internal of
HeatSink HeatSink HeatSink
a) b) c)

Fig. 7. Diagrams of the contribution of the thermal resistances of various layers in the structures of
CD-RL850-150 lamp: a) LED light direction up; b) LED down; (a) LED up +active cooler

It can be seen from the diagram that the greatest contribution to the total thermal resistance of
the lamp R;, is made by the resistance of the radiator, which in different measurement modes is
from 72 to 78 % Rjq.

A change in the structure of the thermal resistance of a LED lamp (~4 W) with filament
emitters (Fig. 8), associated with the degradation or depressurization of its bulb, was studied. The
bulb of a filament lamp is filled with an inert gas (helium) with high thermal conductivity. The
appearance and schematic structure of the lamp is shown in Fig. 8.

phosphor
layer

. filament
inert gas substrate

(helium)

led crystal die attach

% lamp base

a) b)
Fig. 8. Appearance of the studied lamp with filament emitters and its schematic structure
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Fig. 8 shows 5 main components of the structure of a filamentous LED lamp, which determine
the total thermal resistance of the sample under study — LED crystal, crystal fit, filamentous
substrate, thermal resistances of spreading in a gaseous medium in the lamp bulb and into the
external environment. The spread of heat in the lamp through the phosphor, as a rule, is not
significant and was not taken into account in the analysis.

Fig. 9 shows the time dependences of the overheating temperatures, as well as the TRDS
spectra of the lamp with and without a bulb and the result of their discretization within the Cayer
model. It can be seen that after 1 s after switching on, significant heating of the lamps begins, and
after 100 s, the lamps go to a stationary mode. The overheating temperature of the original lamp
reaches 58 °C, the same lamp without the bulb is 75 °C.

Discretization of the spectra (Fig. 9) was carried out within the framework of the model
corresponding to the schematic structure in Fig. 8. Accordingly, on the discrete TRDS spectra, R1
is identified as the thermal resistance of light-emitting diode (LED) crystals, R2 belongs to the
crystal landing layer, R3 is the thermal resistance of sapphire whiskers. Thermal resistance R4 is
associated with the spreading of heat in the glass bulb of the lamp over helium. Thermal resistance
RS is associated with the spreading of heat into the environment. The effective area of the heat
flux is narrowed as heat spreads inside the bulb. This is probably due to the presence of hotter
regions on the opposite side of the sapphire substrates opposite to the LEDs.
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Fig. 9. Dependence of the overheating temperature of the original lamp and the lamp
without a bulb on time and the corresponding spectra of thermal resistances

Fig. 9 shows that when the glass bulb is removed (or in the case of its degradation, leading to
the replacement of helium with air), the thermal resistance R4 to the external environment sharply
increases and the heat flux area in the R4 region decreases even more due to the much lower
thermal conductivity of air.
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o % fan cooling
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Fig. 10. Dependence of the overheating temperature of the original lamp
on time with passive and active cooling
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To check the efficiency of heat removal in the lamp, a forced airflow was carried out both for
the original lamp and for the lamp without a bulb. It should be noted that the temperature of
overheating of the active area of the LED of the original lamp, as a result of blowing decreased
slightly (from 58 °C to 47 °C) (Fig. 10).

At the same time, the overheating temperature of the lamp without the bulb dropped
significantly (Fig. 11).
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Fig. 11. Dependence of the overheating temperature of the lamp without the bulb on time and the
corresponding spectra of thermal resistances with passive and active cooling

These facts indicate a good thermal design of the lamp, i.e. the presence of helium inside of
the flask gives an effect comparable to forced cooling. In the TRDS spectra in Fig. 11, one can
see the corresponding changes in the thermal resistances R4, RS. Depressurization of the bulb (i.e.
replacing helium with air) significantly increases the temperature of the active region of the lamp,
thus increasing the likelihood of its degradation.

For comparison, the thermal design of a standard SMD (surface-mount device) lamp (~4 W)
with surface-mount LEDs was also investigated. Thermal measurements of an SMD lamp were
made without a light diffuser.

Fig. 12 shows the appearance of an SMD lamp without a light diffuser and a schematic
structure of this type of lamp.

SMD Chip

o

Die Attach

Ceramic Cooler

LED Die Lamp Base

Phosphor

Substrate

Aluminum PCB

Solder Bond

Fig. 12. External view of a LED lamp with an SMD emitter and its schematic structure

Fig. 13 shows the time dependences of the overheating temperatures of the SMD emitter and
the filament lamp, as well as the TRDS spectra of the SMD lamp and the result of their
discretization within the Cayer model. It can be seen that 5 s after switching on, significant heating
of the emitter of the SMD lamp begins, and it takes more than an hour to reach the stationary
mode. For an SMD lamp, these times are significantly longer than for a filament lamp, which is
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explained by the presence of a ceramic radiator, which significantly increases the thermal inertia
of the entire lamp. The overheating temperature of an SMD lamp reaches 61 °C, which is
comparable to the temperature of a lamp with a filamentous emitter of 58 °C. With a short-term
switch-on, in the interval of 5-500 s, the overheating of the filament emitter is greater than that of
the SMD lamp, and with a longer switch-on of the SMD lamp, the lamp heats up more (Fig. 13(a)).
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Fig. 13. Dependences of the overheating temperature of an SMD lamp and a lamp
with a filamentous emitter on time and the spectra of thermal resistances of an SMD lamp

The discretization of the TRDS spectra of an SMD lamp was carried with its structure taken
into account (Fig. 12) in the same way as for a filament lamp. Analysis of the spectra of this lamp
shows a significant contribution of the radiator (R4, R5) to the thermal resistance of the lamp.
Fig. 13(b) shows that in the range of the radiator spectrum there is a narrowing of the heat flux in
the form of a characteristic “bottleneck”, which indicates the presence of zones of uneven heating
and, as a consequence, low thermal efficiency of this radiator.

4. Conclusions

Based on the results of the study of the thermal interface of the CD-RL850-150 lamp with
filament emitters and SMD emitters, the original method (TRDS), developed at the Belarusian
National Technical University, the following was established:

1) The method of thermal relaxation differential spectrometry is effectively applicable to the
study of the structure of thermal parameters of powerful large-sized LED devices.

2) The method allows you to study the distribution of thermal resistance and heat flux over the
volume and layers of the LED device in detail.

This method of studying the detailed structure of the thermal resistance of super-power LED
devices is highly informative.

The use of the TRDS method will optimize the thermal design of ultra-high-power LED
devices to reduce the overheating temperature of their active regions, and, therefore, reduce the
degradation of LED devices.
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