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ABSTRACT

Light-emitting diode (LED) operating on alternating current (AC) is gaining popularity
in lighting applications. The junction temperature of an LED has a significant influence
on its performance, including light output, spectrum, and reliability. Since junction
temperature cannot be measured directly, most methods presently used with direct
current (DC) LEDs are indirect, and provide estimations of junction temperature.
Manufacturers specify the thermal resistance of a package with respect to an external
reference point. This way, users could estimate the junction temperature in a particular

application by measuring the temperature at this reference point.

Although there are many proven methods for estimating the junction temperature of DC
LEDs, only a few methods have been proposed for AC LEDs [1,2,3,4]. Of these, two
different methods were selected for further investigation and analysis to determine their
accuracy in estimating the AC LED junction temperature. Liu et al. [3], used a low
reference current pulse when the AC LED is not conducting to extract the voltage across
the junction to estimate the junction temperature. Zong et al. [2], estimated the junction
temperature by recovering the first half cycle root-mean-square (rms) current using an
active heat sink. The measured thermal resistance values of an AC LED package using
these two methods didn’t agree [3]. Liu et al. [3], hypothesized that this discrepancy was
due to the heating in the first half cycle of current that Zong et al. [2], did not account for

in their method. However, no proof was given to validate this assumption.

In this thesis, several hypotheses were developed and verified using laboratory
experiments. The results showed that by measuring and correcting for the temperature
rise in the junction during the first half cycle of current, the thermal resistance values

estimated using the two approaches agree.

In addition, a third method is described in which the peak wavelength value of the
spectrum was used to estimate the junction temperature of a GaP (Gallium Phosphide)
based AC LED package. The junction temperature values estimated using the peak

wavelength shift method and voltage drop method for a GaP AC LED package is within



the measurement uncertainty of the two methods. The details of the methods, and the

associated results, along with their accuracies are presented and discussed in the thesis.

Upon validating the accuracy of the voltage drop method, the thermal resistance of a
GaN (Gallium Nitride) based white AC LED was characterized at different ambient
temperature and input voltage conditions. The thermal resistance values of GaN AC
LED samples measured using the voltage drop method showed an increase in thermal
resistance when the ambient temperature increased. This behavior is consistent with the
observed variation of thermal resistance to ambient temperature, for DC LEDs, in past
studies. The thermal resistance showed a decreasing trend with increasing input voltage.
This is consistent with past studies that show variation of thermal resistance in DC LEDs

with high package series electrical resistance.

xi



1. Background

Light emitting diode (LED) is a rapidly growing light source technology that has the
potential to reduce lighting energy consumption [5]. An LED is a semiconductor P-N
junction (P- high concentration of holes or positive charges; N- high concentration of
electrons or negative charges). An LED generates light (photons) when the positive and
negative charges combine radiatively. The fabrication of semiconductor packages with
high optical emission efficiencies and better light extraction efficiencies has enabled
LEDs to be used in general lighting applications. Heat generated at the junction is
mainly a consequence of non-radiative recombination, extraction inefficiency and ohmic

resistance.

In recent years, alternating current (AC) LEDs have entered the marketplace. The AC
LED packages are fabricated by growing several junctions on an insulated substrate. The
junctions are connected either in parallel or series, so that they could be directly
connected to an AC power source [6]. AC LED packages do not require an AC to DC
converter, and can be connected to an AC grid directly. The absence of a driver could
reduce the overall system cost, increase reliability, and reduce the overall size of an LED
luminaire. For these reasons, AC-LED technology has captured the interest of the LED

lighting community.

The junction temperature of an LED has a significant influence on its efficiency,
reliability and light output characteristics [7] . The reliability of semiconductor devices is
often predicted using the junction temperature [8]. To design efficient and reliable LED
lighting systems, it is critical to know the junction temperature of an LED in a given
operating environment. It is practically impossible to obtain a direct measurement of the
junction temperature. There are several methods that could be used to estimate the
junction temperature of an LED [9,10,11,12,13,14,1,2,3]. The focus of these methods is
to identify a measurable external parameter that has a close relationship with the junction

temperature (ex: forward voltage, peak wavelength of the emission, etc.).



The users of LED packages rely on the thermal resistance value specified by
manufacturers, between the junction and a measurable reference point, to estimate
junction temperature. Thermal resistance measurement of a DC LED has been
extensively studied [9,10,11,12,13]. However, there are only a few studies that discuss

the junction temperature and thermal resistance measurement of AC LEDs [1,2,3,4].

In a study conducted at the Lighting Research Center (LRC), researchers developed a
method for measuring the junction temperature of an AC LED and its thermal resistance
[3]. In that study, LRC researchers measured the thermal resistance using another
method, rms current recovery method, reported in literature for comparison [2]. The
thermal resistance values measured using the two methods did not agree [3]. In that
study, the authors hypothesized that the discrepancy was due to the additional heating in
the first half cycle of current that Zong et al. [2], did not account for in their method.
However, no proof was given to validate this assumption. The objective of this thesis is
to investigate the reasons behind this discrepancy. Additionally, the thesis studied the
thermal resistance values of an AC LED at different ambient temperatures and at

different input voltages.



2. Literature Review

The literature review focused on the basics of LEDs, AC LED packages, junction
temperature (T;) prediction methods for DC and AC LEDs, and characterization of the
thermal resistance of DC LEDs to identify parameters that affect the thermal resistance

values.

2.1 Basics of LED

An LED is a P-N junction, made out of semiconductor materials, that emits photons
when subjected to an external electric field. LEDs are fabricated using GaP (for
emissions in red, amber and yellow regions) and GaN (for emissions in near UV, violet,
blue and green regions) based compounds. Improvements in internal quantum efficiency,
and light extraction efficiency, have enabled the development of high power LED
packages [15,16].

The emission wavelength of an LED depends on the band gap of the semiconductor
material [17]. The energy of the photon emitted as a result of the radiative
recombination, depends on the band gap energy, if the thermal energy is negligible. The
band gap in a semiconductor material is the “minimum energy necessary for an electron
to transfer from the valence band (E,) into the conduction band (E.)” [18]. Figure 1
shows a band diagram of a semiconductor and the direct electron-hole recombination
that generates a photon. Direct band gap materials such as GaN, ZnSe & GaAs are
preferred over indirect band gap materials such as SiC, Ge, GaP, for high power light
emitting devices [19]. This is because efficient radiative recombination occurs in direct

band gap materials [20].
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Figure 1: Band gap & electron-hole recombination process [17]

2.2 ACLED package

In recent years, AC LEDs have captured the interest of the LED lighting community. In
standard DC LED lighting systems, the AC input from the grid needs to be converted to
DC. The loss of power during this AC to DC conversion could range from 10%, to as
high as 50%, depending on the quality of the driver [6]. The absence of the AC-DC
converter would also higher system reliability, lower cost and smaller form factors in
LED luminaires. One limiting factor for AC LED package is, a flickering frequency of

120Hz, which could be uncomfortable for human vision [6].

AC LED packages are fabricated by growing several junctions on an insulated substrate
that are connected either in ‘series type’ or ‘bridge type’ configuration. The concept of
multi-junction arrays of light emitting diodes, driven at high voltages, has been in
existence for a while, but fabrication and reliability challenges have limited the use of
this concept in practical applications [21]. The current-voltage characteristic of an AC

LED package could be represented as follows [21].
V= aniode + IR 2-A

Where,
V- Voltage drop across the package (V)
Viode — Voltage drop across a single diode (V)

n — number of diodes in a string



R — Current limiting series resistance (£2)

I — Current (A)

According to the above formula, the duty ratio depends on the number of diodes on a
string. As indicated in Figure 2, the number of dies in a package is a compromise

between the light output and forward voltage of the package.
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Figure 2: The variation of relative output power and forward voltage with the number of dies in an

AC LED package [22]

Tamura et al. [23], developed a packaged LED array, connected in series, on a glass
epoxy substrate, that could be driven at 100V (60Hz) AC operating condition. Ao Jing-
Ping et al. [22], developed a Indium Gallium Nitride (InGaN) LED series array on a
sapphire substrate, as a monolothic package, (Figure 3) that could be directly operated
using high AC voltage. Figure 4 shows a series type AC LED package with one string
turned on at a time. The series type configuration has a lower active layer utility ratio,
since only half of the diodes conduct at each cycle. Yen, et al. [6], developed the
Wheatstone bridge configuration (Figure 5) that has a higher active layer utility ratio,

because there is a string of dies that always conduct at both AC half cycles.
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2.3 Junction Temperature

Heat generated at the junction is mainly a consequence of non-radiative recombination,
extraction inefficiency and ohmic resistance. When electron-hole recombination leads to
an emission of a phonon (vibration energy of lattice atoms) it is referred to as a non-
radiative recombination [17]. Some factors that contribute towards non-radiative
recombination in GaN LEDs are point defects and dislocations in the crystalline

structure [24], and Auger recombination [25].

Junction temperature of the diode has a significant influence on its efficiency, reliability
and operating characteristics [7] . Temperature also acts as a catalyst for package level
reliability issues such as delamination, yellowing of phosphor and lens degradation
[7,26,27] . It is therefore critical to know the junction temperature of a device in a given
thermal environment. This information is useful for manufacturers of LED packages and
lighting fixtures, in order to design efficient and reliable LED lighting systems [28].
System design engineers often want to validate their design by comparing the junction or

solder temperature with a prescribed value.

2.4 Measuring Junction Temperature of DC LEDs

Several methods can be found in existing literature to measure junction temperature of
DC LEDs. These methods can be broadly -categorized into two categories
[9,10,11,12,13,14].
1. Electrical test methods
* Steady state T; measurement using forward voltage [9,29,14]
¢ Transient T; measurement using transient voltage [10]
2. Optical test methods
e Direct temperature measurement using nematic liquid crystal thermography
[13]
¢ T, measurement using the peak wavelength of the emission spectrum [11]
¢ T, measurement using the relative radiant power distribution in the emission

spectrum [12]



The underlying concept behind the above measurement methods are discussed in detail

in the following sections.

2.4.1 Electrical test methods

The existing literature discusses several methods that can be used to estimate T; of a DC
LED using forward voltage drop as the temperature sensitive parameter [9,10,14]. The
current-voltage relationship of a LED can be expressed using the Shockley equation as

follows [30,31],

eV
I =Iy(enkt — 1) 2-B

where,

Iy — reverse saturation current (A)
e — electronic charge (C)

k — Boltzmann’s constant (eV/K)
n — ideality factor

V- forward voltage (V)

T— temperature (K)

The reverse saturation current through a diode is expressed as [30,31],

Eq
IO = IssekT 2-C

where,

E, — activation energy of the semiconductor (eV)
Is — constant for the device (A)

K — Boltzmann’s constant (e V/K)

T — Temperature (K)

Using equations 2-B and 2-C the following equation can be derived,

eV = nkTIln (IL) +nkE, 2-D

sSs

Therefore, it can be proved that there exists a linear relationship between forward
voltage and T; as described above. This relationship can be used to predict the junction

temperature of a DC LED. Standardized testing methods for semiconductor devices such

8



as EIA/JESD51-1 and MIL-STD-750E wuse this principal to estimate junction
temperature [9,29]. The recommended methodology as stated in EIA/JESD51-1 is

explained in appendix A.

The forward voltage of the LED needs to be correlated to junction temperature using a
calibration factor. The assumption made during calibration is that when the low
measurement current or pulsed current is applied, the rise in temperature in junction is
negligible and therefore, T; is equal to the ambient temperature. The reciprocal of the
gradient of the calibration curve is referred to as the “K-factor” [9]. The junction

temperature of the diode can be estimated using the following formula:
AT] = (VFH - VFM) X K 2-E
Tj =T, + ATj 2-F

where,

AT; — Junction temperature rise under DC steady state operation ‘c)
T, — ambient temperature (OC)

Vry — forward voltage when heating current is applied (V)

Vev— Forward voltage when measurement current is applied (V)

K — K-factor obtained as explained in appendix A (V/°0).

The EIA/JESD51-1 standard recommends that the calibration should be performed for
each specific package [9]. Zong et al. [14], suggested a method, according to the authors,
that does not require calibration and is independent from the mounting method, or
thermal resistance between the LED and heat sink. This method captures the intial
forward voltage of the LED when a DC step (or a sequence of pulses with a short duty
ratio) is applied. The initial voltage is recovered by adjusting the temperature of the
thermoelectric cooler upon which the LED is mounted. This method is explained in

detail in appendix B.



2.4.2 Optical test methods

Peak wavelength shift and centroid wavelength shift of AllnGaP DC LEDs is directly
proportional to T; at different ambient temperatures, and drive currents [11]. The
relationship between temperature and peak energy of optical emission can be derived
from the Varshni equation [32]:

E = E aT?

g 0— m 2-G

Where,
E, — Band gap energy (eV)
o & [ are the Varshni parameters

T — Temperature (K)

The emission spectrum of an InGaN DC LED broadens and its peak wavelength shifts
towards short wavelengths, with increasing input current [33,34]. This phenomena can
be explained using the quantum confined stark effect that occurs in quantum wells due to
piezoelectric field [35], and band filling, that occurs in a local potential minimum of the
InGaN well [33]. The quantum confined stark effect is where spatial separation of
electron and hole wave functions expands, due to the electric field perpendicular to
quantum well walls [36]. This will reduce the band gap, and inter band recombination

rate with higher charge densities surrounding the quantum well [37].

A calibration curve that correlates peak emission wavelength with temperature, is
obtained by driving the LED with a pulse current which has a small duty ratio, in
different controlled temperature environments [11,34]. The junction temperature could
be determined by obtaining the peak wavelength shift during steady state operation at a
given driving current [11]. The respective formula to convert peak wavelength to

junction temperature is given below:
AT] = (AO - Aoi) X KA 2-H

Tj =T, + ATJ 2-1
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where,

AT; — junction temperature rise from ambient temperature under DC steady state
operation ‘C)

T, — ambient temperature (OC)

hoi — Initial turn on wavelength (nm)

Ao — steady state wavelength (nm)

K, — Empirical constant determined using the pulsed current operation of LED in a

temperature controlled environment (nm/OC).

Due to some of the reasons mentioned above; instead of using emission peak shift for
GaN based white LEDs with YAG Cerium phosphor, the ratio of total radiant energy to
radiant energy within the blue emission band was used as the temperature sensitive
parameter [12]. At high temperatures the emission spectrum of LEDs gets
asymmetrically broadened [38]. Past studies which compared the T; measured using
peak wavelength shift method and forward voltage drop method obtained similar results

[39].

2.5 Measuring Junction Temperature of AC LEDs

Thermal parameters of the AC LEDs could be significantly different to that of DC LEDs
since the instantaneous input power to the junction of the AC LED varies rapidly within
a short period of time. There is limited literature with regard to the thermal properties of
AC LED:s. In fact, to date there is no method or standard defined to measure the junction
temperature of AC LEDs [3]. It is difficult to directly apply the K-factor theory which is
widely used in junction temperature measurement of DC LEDs for AC LEDs, due to the

fact that forward bias of AC LEDs vary quickly with time [1].

Even though the instantaneous input power to an AC LED changes rapidly with time, the
submount temperature is insensitive to the changes that occur in the junction due to its
thermal capacitance [1]. This fact was utilized to correlate the junction temperature with

the temperature of the center of the bottom surface of the submount, under DC
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operation, using K-factor theory. Junction temperature was measured using the K-factor
theory for different levels of DC input power. Based on the experimental results
obtained for the DC analysis, the relationship between junction temperature and board

temperature was formed.

Since an AC LED package is subjected to an input power that has a frequency of 60Hz,
it is plausible that the T; fluctuates within a range that is determined by the thermal
capacitance of the die [1,4]. If power dissipation is expressed in the following form

(assuming a sinusoidal function),

PdissAC(t) = Pmax-Sin(wt) 2-]
Where,
Paissac(t): AC power dissipation waveform (W)

Pmax: amplitude of the AC input power waveform (W)
o: angular frequency (depends on the frequency of AC supply)

Then junction temperature could be expressed as [4],
Tjac(t) = Tjmax sin(wt — @) 2K
ijax = |Zth(w)|-Pmax 2-L

Where,

Tiac(t): Junction temperature waveform

Timax(t): amplitude of the junction temperature

Zm(m) : AC thermal impedance (consist of resistive and capacitive components)

¢: phase delay between power and temperature to reflect capacitive nature of thermal

impedance.

Hwu et al. [1], predicted the oscillatory behavior of junction temperature using
numerical simulation and developed a formula that links the range of oscillation to board
temperature. Input power waveform is periodic but not sinusoidal; therefore the

harmonic components contribute towards junction heating [40]. If the AC thermal
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impedance could be characterized in the frequency domain T; could be obtained using

the following formula:
T]AC(t) = Z%fo Zip_n Py e/n@ot 2-M

Z-n: Harmonic components of AC thermal impedance

P,.e/™@ot: Harmonic components of AC input power (Fourier transform of input power)

Poppe, et al. [4], suggested two approaches to obtain the thermal impedance function of
the AC LED package. The first method is the use of JEDEC JESD51-1 electrical test
method by operating AC LED at high DC voltage. The alternative approach is to obtain
the cooling curve of the AC LED when AC input power to the device is disconnecetd at

a given phase angle and use it to obtain AC impedance function .

2.5.1 RMS current recovery method

This method uses the rms value of a current waveform across an AC LED as the
temperature sensitive parameter to predict the junction temperature [2]. This method is

similar in principal to the voltage recovery method for DC LEDs, which is explained in

appendix B.
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Figure 6: Relationship between first half cycle rms current and heat sink temperature [2]

The LED is operated at a constant AC voltage and is placed in an active heat sink, which

is set to a particular temperature level. Initially when the AC LED is at ‘off” state, it is
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assumed that T; is equal to the cold plate temperature of the heat sink. The input AC
voltage is applied at zero phase, and the rms value of the first half cycle of the current is
measured. The temperature of the active heat sink is reduced until the rms value of the
forward current matches with the rms value of the initial current. When the two forward
current values are equal it could be deduced that T; is equal to its initial value. It was
assumed that the first half cycle of the current waveform did not cause a significant

heating at the junction.

Zong, et al. [2], stated that within the first AC power cycle, junction temperature
increases approximately by 25% of its total rise. Therefore, this method would

significantly underestimate the junction temperature.
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Figure 7: Illustration of rms current recovery method [2]
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The past literature on the topic has introduced mathematical models that predict the
oscillatory behavior of the junction temperature of an AC LED package [1,4]. Hwu, et
al.[1] showed that mean T; stabilizes at steady state operation. Therefore, it could be

inferred that this method attempts to estimate the mean T; at steady state operation.

2.5.2 Voltage drop method for AC LED

This method uses the voltage drop across the AC LED as the temperature sensitive
parameter. A calibration curve is obtained by following the same protocol explained in
EIA/JESD51-1 (as explained in appendix A). The input AC current through the package
would be zero till the input AC voltage exceeds the forward bias voltage. Therefore, the
AC current waveform has a flat zero portion which is referred to as “current dead-zone”

hereafter.

The AC LED is driven at its nominal voltage and a small current pulse is applied at the
“current dead-zone” of the AC LED, as shown in Figure 8. The voltage drop in the
junction, when the pulse is applied, is converted to T; using the calibration curve. Since
the reference current pulse is applied at the dead-zone of the current waveform, the input
power to the AC LED is not interrupted. Figure 9 shows that when the reference current
pulse is applied at the current dead-zone region, as opposed to at other phase angles, the

measured Tj is highest, since the input power to the LED is not interrupted.
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Figure 9: Junction temperature when reference pulse is applied at different phase angles of the

voltage waveform [3].

2.6 Thermal resistance

As discussed previously, the junction temperature of a LED cannot be measured directly.
It is imperative to know the value of the T; of a LED installed inside a fixture in order to
evaluate the performance of the fixture. The following equation is commonly used for T;

measurement [41].
Ti = Trer + Rth]—ref * P 2-N

Rinyref: Thermal resistance between the junction and a reference point (OC/W ).
Trt: Reference point temperature (OC).

P: Input thermal power (W)

The reference point temperature could be measured using a thermocouple. The measured
temperature could be used to predict the junction temperature, using the one dimensional
heat transfer formula, 2N. However, for this method to be accurate, a better
understanding is required of the thermal resistance between the reference point and the
junction. It is important to understand the factors that influence thermal resistance and

whether it will remain constant in different application environments.

“The temperature difference between two isothermal surfaces divided by the heat that
flows between them is the thermal resistance of the materials enclosed between the two

isothermal surfaces and the heat flux tube originating and ending on the thermal
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boundaries of the two isothermal surfaces” [42]. According to the formal definition,
thermal resistance defined between the junction and a reference point of a LED is correct
only if the two surfaces concerned are isothermal and the total heat flux between the two

surfaces are known.

Thermal resistance is by rearranging the formula, 2-N [9].

(T'_Tref)
Rth]—ref = ]T 2-0

Instead of using a spatial temperature difference as in 2-O, the temporal difference of the
junction temperatures at two different input thermal power conditions can be used to

calculate thermal resistance, when the reference point temperature is kept constant [41].

ATy(t)
APy

Rinj-x =

2-P

Where,
AT; (t): Difference in the initial and final steady state temperature in the junction ‘o).

APy. Difference in the heating power at the junction (W).

According to Poppe et al. [41], the above approach cancels out inaccuracies in junction
temperature measurements. The input power used in calculating the thermal resistance
should be the thermal power dissipated at the junction. Therefore, the contribution of
forward current towards radiative recombination should be considered in calculating

thermal resistance [10].

Thermal resistance is defined in the steady state condition. In defining thermal resistance
it is implied that heat capacitances between the two isothermal surfaces are fully charged
[43]. Therefore at a transient state when the temperature in the package is moving
towards the new equilibrium, thermal impedance is defined. Thermal impedance
includes the effect of thermal capacitance. Poppe, et al. [40], defined the “effective AC

thermal impedance” as,
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AT

Zinac = 2-Q

PdissAC—mean

Where,
Zmac: effective AC thermal impedance
AT;j: maximum T; change when AC power is switched-off at a particular phase angle

Paissac-mean: mean thermal power dissipation

2.7 Characterization of thermal resistance of DC LED packages

Manufacturers specify the thermal resistance of their packages as a series of thermal
resistances from junction to the ambient [44]. The assumptions being that the heat flows
in a one dimensional path and thermal resistance is local to a particular part of the
package (ex: from junction to heat slug). Therefore it does not depend on the thermal
conductivity or convective heat transfer coefficient of the overall thermal path [45]. The
heat spreading in the board makes it impossible to separate between conduction and
convection heat transfer when measuring thermal resistance. Therefore, the measured
thermal resistance between the junction and the board depends on the application
environment [9,29]. Past research on the topic also provide evidence that shows

measured thermal resistance changes with input power [10,46,47,48,49] .

Jayasinghe et al. [47], showed that electrical input power, ambient temperature, amount
of heat sink and heat sink orientation all have an impact on the thermal resistance. Past
studies indicate that when the ambient temperature was raised, the measured thermal

resistance of the DC LED package increased [47,49].

There is evidence of both an increasing and decreasing trend of thermal resistance with
input power, for DC LED packages [10,46,48,49]. The effects of input current on the
thermal resistance of a DC LED package depends on the ratio of internal and external
series electric resistance [46]. The LED could be represented as a model with an ideal
diode with an internal and, external electrical resistances connected in series. If the

external package resistance is significantly larger than the internal resistance of the
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diode, then the thermal resistance would decrease with input power. Figure 10 shows the
results of a study that measured the thermal resistance from junction to case, of 1W and

SW LED packages at different driving currents.

The thermal resistance could vary with input power due to; decreasing quantum
efficiency at high temperatures, degeneration of materials in a LED package and

conductivity changes of GaN and thermal interface materials [47,49].
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Figure 10: Variation of thermal resistance with input power for 1W (a) and 5SW (b) DC LED [46]
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The thermal resistance of multichip GaN LED packages is lower than the thermal
resistance of single chip GaN LED packages [50]. The thermal resistance from junction
to heat slug decreases proportionally with the number of chips in the package. This
phenomenon occurs due to an increase in the heat flow area with the higher number of

chips in the package.

2.8 Summary of the literature review

Several methods have been suggested to measure the junction temperature of a DC LED.
Among these methods, the forward voltage drop method (refer to appendix A) is widely
used in the industry to measure the junction temperature of DC LEDs [9]. The forward
voltage recovery method (refer to appendix B) is being suggested as an alternative. The
forward voltage recovery method yields a similar thermal resistance measurement as the

forward voltage drop method used by the industry [14].

There are no existing standards to measure the thermal resistance of an AC LED. One
suggested method is to measure the junction temperature by recovering the initial half
cycle rms current [2]. An alternative method proposed is to apply a reference current
pulse at the dead-zone of the current waveform of an AC LED and measure the voltage
drop at that instance [3]. The latter method uses a calibration curve, derived by heating
the LED to a known temperature, T; and measuring the voltage by applying a small
reference DC current. The thermal resistance measurements obtained using the voltage
drop method for AC LEDs, was significantly higher than the thermal resistance values
obtained through rms current recovery method using an active heat sink [3]. The same
study identified that the first half cycle heating in the junction, in the rms current
recovery method using active heat sinks, could be the possible discrepancy for this
difference. An objective of this thesis is to investigate the reasons for this difference in

thermal resistance values measured using two different methods.

Thermal resistance of a DC LED changes with input power [10,46,47,48,49]. The

direction of variation in the thermal resistance with input power depends on the ratio
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between the internal and external resistance of the package [46]. If the external
resistance of the package is significantly higher than the internal resistance, then the
thermal resistance of the package decreases with input power. The thermal resistance of
DC LEDs increase with ambient temperature [47,49].This is explained using the heat
spreading phenomenon that occurs in the board of the LED, which makes it impossible

to separate thermal resistance due to conduction and convection [45].

No similar analysis exists on the behavior of thermal resistance of AC LED packages at
different input power and ambient temperature conditions. Therefore this thesis studied
the behavior of the thermal resistance of AC LED packages with increasing input power

and ambient temperature.
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3. Hypotheses

Four hypotheses were developed based on the literature review.

3.1 Hypothesis 1

Thermal resistance of an AC LED measured using voltage drop method for AC LED
and, rms current recovery method after adjusting for first half cycle heating in the

Jjunction will agree within 10%.

A previous study showed that there is approximately a 50% difference in the thermal
resistance values measured using the two methods. Researchers hypothesized that the
reason for such a significant difference is the first half cycle current heating in the
junction which is not accounted for in rms current recovery method [3]. The thesis
would quantify the heating in the junction during the first half cycle of the current

waveform and compare the results after adjusting for this initial heating.

A pilot study was performed to understand the uncertainties of the two measurement
setups. The details of the pilot study are given in appendix C. The pilot study revealed
that the measurement uncertainty in the experiment set up for rms current recovery
method is 10%. Therefore, it was hypothesized for the group of LEDs tested, that both
methods should agree within 10%.
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3.2 Hypothesis 2

For AllnGaP ACLED package;
If the junction temperature (Junction temperature is estimated using voltage drop
method) increases then the peak wavelength will shift to longer wavelength, and the rate

of peak wavelength shift with temperature will be linear.

The above hypothesis is based on past literature that explained peak wavelength of an

AllnGaP package is strongly dependent on the junction temperature [11,34].

3.3 Hypothesis 3

In the range of 25°C to 75°C
If the ambient temperature surrounding the AC LED increases then the thermal

resistance value will increase.

The above hypothesis is developed based on the previous studies done for DC LEDs
[47,49]. This phenomenon was explained using the heat spreading that occurs in the
board, which makes the measured thermal resistance dependent on the convective heat
transfer coefficient [45] . Since same phenomenon is valid for AC LED packages, it was

hypothesized that it should also show a similar trend as DC LEDs.

3.4 Hypothesis 4

In the range of 110V-130V,
If the input voltage to the AC LED increases then the thermal resistance value will

decrease.

The above hypothesis was developed based on previous studies done for DC LEDs
[10,46,47,49]. Literature states that the direction of change of thermal resistance with
input power depends on the ratio of internal/external resistance of the LED package. If

the external series resistance is greater than the internal resistance of the package, then
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the thermal resistance will decrease with input power [46]. AC LED packages have a
substantial external series resistance to balance voltages in the two reverse parallel
strings of diodes, therefore it is a reasonable hypothesis based on the literature for DC
LEDs that with increasing input power the thermal resistance value for AC LEDs would

decrease.
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4. Experiment

4.1 Hypothesis 1: Comparison of measurement methods

The goal of the hypothesis 1 is to compare the thermal resistance values measured using
the voltage drop method and rms current recover method after adjusting for first half
cycle heating.

4.1.1 Experiment Variables

4.1.1.1 Independent variables

» Thermal resistance measurement methods for AC LED

The voltage drop method for AC LED [3]

The rms current recovery method [2]

» Cold plate temperature of the thermoelectric cooler

Temperature settings were chosen so that the pin temperatures of the package are
close as possible at the instance where the junction temperature was measured in both
methods. Exact matching of pin temperatures are not possible due to different
approaches adopted in the two measurement methods. Temperature settings of 35°C,
55°C & 60°C were selected for voltage drop method. An initial temperature setting of

SOOC, 70°C & 75°C was selected for the rms current recovery method.

" Portions of this chapter previously appeared as: A. Jayawardena, Y.-W. Liu, and N.
Narendran, "Methods for estimating junction temperature of AC LEDs," in Proc. SPIE,
vol. 8123, San Diego, CA, 2011, pp. 812301-1-812301-6, doi:10.1117/12.904056.
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4.1.1.2 Dependent variables

» The sense voltage

Voltage measured when the reference current is applied at the current dead-zone during

synchronized AC operation of the AC LED.

» The rms value of the current through AC LED

The rms value of the initial half cycle of the AC current waveform applied across the

LED

4.1.1.3 Extraneous variables

» Thermal mass
Identical heat sink was used for both methods to maintain identical thermal mass.
Literature revealed that heat sink mass influence thermal resistance, as its influences the

heat transfer coefficient from device to ambient [47].

> Mounting orientation

The mounting orientation of the LED affect thermal resistance since it affects the heat
transfer coefficient from device to ambient [47]. The device under test was mounted

vertically in both cases.

» Cooling method

Junction to case thermal resistance depends on the cooling method employed during the
testing [43]. Active cooling was employed in order to maintain as similar a thermal flux

environment as possible around the junction for both methods.

» Thermal bonding to the heat sink

The device was attached to the active heat sink mechanically using screws.

» Lead wire resistance

Identical length of lead wires and, identical connectors were employed for both methods.
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» Air flow
Air flow velocity influences the heat transfer coefficient as it affects natural convection.
In order to minimize the influence of varying air flow velocities on the thermal

resistance measurement, the LED was covered using an enclosure.

» Measuring instruments

The same measuring instruments were employed wherever possible in order to ensure
uniform impedances in the circuit, and to minimize measurement errors related to

measuring instruments.

4.1.2 Experiment set up: voltage drop method for AC LED
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Figure 11: Experiment set up for voltage drop method [3]

A thermoelectric cooler (Arroyo Instruments) that uses the Peltier effect was used to
mount the AC LED. The thermistor (10k€2) senses the temperature of the surface that is
in contact with the board of the AC LED. The temperature controller uses feedback

control to set the heat sink surface at the required temperature.
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The AC LED was enclosed to minimize the interference of air flow on the
measurements. The room temperature was not regulated during the experiment. A data
acquisition unit (Agilent 34970A) was used to acquire temperature measurements of the
J-type thermocouple attached to the AC LED pin. The 24 hour accuracy of the
temperature measurement of the data acquisition unit with a J-type thermocouple is +1°C

[51].

The AC LED control circuit was custom built for this experiment to perform following
functions. Refer appendix D for details on the functionality of the control circuit and its
implementation.
e  Supply the AC LED with a DC calibration current and sample and hold the
voltage across the AC LED at this calibration current.
¢ [Insert the reference current pulse at the desired phase angle of the AC current
waveform.
¢ The control circuit also has the ability to apply the input AC voltage waveform to

the LED starting from any specified phase delay.

AC power supply (California Instrument; Model 1001P) with a load voltage regulation
of £1%, frequency tolerance of +0.02%, output noise level of <0.1V and harmonic

distortion of <0.55% was used to provide a stable AC power supply to the AC LED.

A digital multimeter (Agilent 34401A) was used to read the voltage measurement
sampled and held by the SMPO4ES amplifier. The accuracy of the voltage reading of the
digital multimeter in the 10V (this was the range used by the circuit) range is = 0.175mV
[52].

A power meter (Yokogawa WT210) was used to measure electrical input power to the
AC LED. The power measurement has a basic accuracy of 1% [53]. The power
measurement was performed separately from the voltage measurements in order to
ensure that the internal resistance and capacitance of the power meter doesn’t interfere

with the voltage measurements.
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4.1.3 Experiment procedure: voltage drop method for AC LED

In order to determine a suitable calibration current the voltage-current characteristics of
the AC LED was obtained using a source measurement unit (Yokogawa GS610). The
AC LED was attached to a thermoelectric cooler that has a temperature setting of 25°C.

A DC voltage sweep from +110V to -110V with 100mV increments were performed.

Current (A)

100 150

50
Voltage (V)

Figure 12: Voltage-current characteristics of a white AC LED

The calibration current was determined using the current-voltage characteristics of the
sample shown in Figure 12. Following factors were considered in choosing the
calibration current.

e The calibration current should fully forward biased the LED

e It should not lead to significant resistive heating in the junction

The calibration current was determined to be 0.06 mA based on above considerations.

A J- type thermocouple is attached to the center of the submount of the AC LED
package. The center of the submount of the package is defined as the reference point at
temperature at this point is referred to as the pin temperature here after in the thesis. The

J-type thermocouples that comply with IEC584-2 have a standard error of 1.5°C [54].
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The thermocouple was attached using the thermal epoxy. The AC LED package was
attached to the thermoelectric cooler using mechanical screws. Screws were tightened so
that a uniform pressure is applied to ensure proper contact with the metal core printed

circuit board (MCPCB) and the surface of the thermo electric cooler to avoid air gaps.

The calibration current was applied and voltage across the AC LED was measured by
adjusting the temperature of the active heat sink in 5°C steps from 25°C to 75°C. It was
assumed that at calibration current the pin temperature of the AC LED is equal to
junction temperature. All voltage readings were obtained after pin temperature reached
thermal stability. The criterion for thermal stability is that the variation of five pin
temperature samples obtained at every one minute interval is less than 0.1°C. This
thermal stability criterion was defined based on the guidelines specified for voltage drop
method for DC LEDs. The calibration curve in Figure 13 of a GaN AC LED sample

shows a strong linear correlation between forward voltage and pin temperature.

Voltage measurements at eleven different points were obtained to check the linearity of
the LED. The linear relationship between voltage and Tj is a prerequisite to use voltage
drop method for AC LED. Further, the eleven point calibration will also improve the
accuracy of the T; measurement. The calibration curves for both strings of LEDs in the
AC LED package were obtained to verify whether they are substantially different. There
were no substantial differences between the calibration curves obtained for the two

strings of LEDs.
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Figure 13: Calibration curve for white AC LED

A reference current pulse was applied at the current dead-zone region of the AC LED
when it is in AC operation as shown in Figure 14. The reference current pulse is of the
same magnitude as the calibration current. The width of the current pulse was 3ms.
Voltage across the AC LED when this pulse is applied is measured after a fixed
measurement delay (1ms) upon start of the pulse to avoid switching noise in the signal.
Application of the pulse at the current dead zone ensures that input power to the AC

LED is not interrupted.

When the pin temperature of the AC LED reached the thermal stability criterion, the
forward voltage was measured by applying the reference current pulse at the current
dead-zone. The voltage measurements obtained by applying the reference current during
the AC operation of the LED was converted to junction temperature using the calibration
curve. This value corresponds to the average junction temperature of all junctions in the
AC LED package. The pin temperature readings obtained at every 1 min interval using a
data acquisition unit was stored in the computer to calculate thermal resistance of the

package.
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Input electric power to the LED was measured separately from the voltage measurement
to avoid the requirement of connecting a power meter between the AC LED and the
control circuit. It was observed that the connection of a power meter between the AC
LED and the control circuit influences the calibration due to its internal impedance. The
input electric power was measured under same operating conditions and upon pin

temperature meeting the thermal stability criterion defined above.

Optical power of the AC LED package was measured using an eight inch integrating
sphere set-up. The details of the optical power measurement set up and the calibration

procedure is explained in detail in appendix E.

At each temperature setting three independent readings were obtained at random order,
to determine the measurement uncertainty. Electrical input power and optical power was

also measured at each temperature setting.
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Figure 14: Reference current pulse at the current dead-zone of the AC LED
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4.1.4 Experiment set up: rms current recovery method
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Figure 15: Schematic diagram of the experiment setup for rms current recovery method

The identical thermoelectric cooler described in 4.1.2 was used for this study. The pin
temperature of the AC LED was acquired using a data acquisition unit along with a J-
type thermocouple. The control circuit monitors the input AC voltage waveform
generated by the AC power supply (California Instrument 1001P), and applies the AC
voltage from the zero phase angle. The control circuit at the same instance would
generate a trigger input to the waveform digitizer (National Instruments PCI-6143) to
initiate a scan. The waveform digitizer would measure the current waveform by
measuring the voltage across a precision resistor (249Q, 0.1%, 5ppm/°C & 0.25W) that
is in series with the AC LED.

The waveform digitizer has a sampling speed of 250ks/s with a 16 bit resolution. The
sampling rate was chosen considering the fundamental frequency of the AC input
waveform, and total harmonic distortion in the output current waveform of the AC
power supply. The 16 bit resolution was deemed important since the sensitivity of the

current to a 1°C change in T; of an AC LED is in pA range. The digitized current
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waveform was acquired and analyzed using LabView 2009 software to calculate first

half cycle rms current.

The experiment setup managed to replicate the first half cycle rms current vs.
temperature relationship demonstrated by Zong, et.al [2], in their experiment with

statistically significant (P<0.05) correlation.

4.1.5 Experiment procedure: rms current recovery method

An AC LED with a J-type thermocouple attached at the center of the submount
(reference point) using thermal epoxy was attached to the thermoelectric cooler. The
reference point temperature is here after referred to as the pin temperature in this thesis.
The AC LED was attached to the thermoelectric cooler using mechanical screws. The
AC LED package was initially heated to a predetermined temperature and was allowed
to thermally stabilize. The same thermal stability criterion as described in 4.1.3 was used
in this set up. It was assumed initially the T; is equal to the pin temperature of the AC

LED.

The AC voltage was applied from the zero phase angle and the first half cycle rms
current was measured. Then the temperature setting of the thermoelectric cooler was
adjusted till the measured rms current at steady state, is equal to the first half cycle rms
current. The steady state rms current measurements were obtained using the same
waveform digitizer at every 1s interval. The temperature was adjusted in 1°C steps since
the minimum resolvable pin temperature measurement using a J-type thermocouple was
1.5°C. The temperature at which the measured rms current that is closest to the initial
half cycle current within 1°C tolerance was considered as the recovered pin temperature.
At this point, the junction temperature is equal to the pin temperature of the package that
was measured just before AC measurements. Thermal resistance can now be calculated

as,

(Initial Pin Temperature — recovered pin temperature)

Rg;p =
(Pelectrical - POptical)
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The optical power was measured as explained in appendix E, at the recovered pin
temperature. The electrical input power was also measured at the same recovered pin

temperature using a watt meter.

4.1.6 Experiment procedure: the first half cycle heating

The thesis quantify the temperature rise in the first half cycle of the AC current
waveform. The thermal resistance of the AC LED package measured using rms current
recovery method was recalculated with this new information. When the initial half cycle

rms current is recovered,

T; of the AC LED package =T; of the package just after the first half cycle of current

Therefore thermal resistance equation can be re-written as,
R_(6] — P) = ((Initial Pin Temperature + Temperature rise in first half cycle
— recovered pin temperature)/((P_electrical — P_Optical))

The heating profile of the AC LED during the first half cycle of the AC current was
obtained, by inserting the reference current pulse at different phase angles of the AC
input voltage waveform. The forward voltage drop of the AC LED package was
measured at the instance the reference current pulse is applied. The Figure 16 illustrates
the input AC voltage and current waveforms when the reference current pulse is inserted
at different phase angles. The insertion point of the reference current pulse was shifted
every 0.6ms intervals. The control circuit explained in appendix D was used for this
purpose. The calibration curve obtained as explained in 4.1.2 was used to convert

measured voltage to T;.

The T; measured is not the instantaneous temperature of the junction but the temperature
rise in the string of junctions due to total thermal power dissipated in the junction. The
measured junction temperature represents the average temperature rise in all junctions in
a string, of the AC LED package. For example the measured temperature rise in junction

when reference current pulse is applied as shown in Figure 16 (a) is due to total input
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power applied during the first half cycle of current waveform. Whereas the measured
junction temperature rise when reference current pulse is applied as in Figure 16 (b) is
due to the integrated input power up to the time where reference pulse is applied. The
measured junction temperature in Figure 16 (c) should be equal to pin temperature since

at the point of measurement LED had not reached their forward bias voltage.

The AC LED package was attached to the thermoelectric cooler during the
measurement. The temperature rise during the first half cycle of the AC current
waveform was measured at numerous temperature settings (25°C, 50°C & 75°C). Three
repeated measurements were obtained at each temperature setting to determine the
uncertainty of the measured values. The input AC power was supplied using an AC

power supply (California Instruments model 1001P).
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Figure 16: The reference current pulse at different phase angles of the first half cycle of AC voltage

waveform

(a) Immediately after the first half cycle of current (b) At the half way point of the

current & (c¢) Just before the string of LEDs become forward biased
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In Figure 17 junction temperature remains at the ambient temperature till the string of
LEDs become forward biased. Junction temperature increases rapidly during the first
half cycle of current waveform. When the AC voltage dropped below the threshold the
string of LEDs is no longer forward biased, hence the junctions will cool down as
revealed in Figure 17. However the thermal capacity of the AC LED package ensures
that the junction will not cool down to its initial value when the current across the string
of LEDs become zero. Three repeated measurements were obtained at different
temperature settings of the thermoelectric cooler to determine the uncertainty of the

junction temperature measurements.
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Figure 17: Heating profile of the string of junctions of an AC LED package at 120V at 75°C during
the first half cycle of the AC voltage waveform
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4.2 Hypothesis 2: peak wavelength shift method

Peak wavelength shift of the AC LED package was correlated with junction temperature
that was estimated using voltage drop method.

4.2.1 Experiment variables

4.2.1.1 Independent variables

» Cold plate temperature of the thermoelectric cooler

» Input voltage
Input AC voltages (rms) of 110V, 120V & 130 V were used during the experiment.

4.2.1.2 Dependent variable

» Spectral power distribution (SPD) of the AC LED

The SPD was used to calculate the peak wavelength of the device under test at different
cold plate temperatures and input power conditions. Peak wavelength was calculated

using the spline interpolation function in MATLAB.

4.2.1.3 Extraneous variables

» Ambient light

The measurement was performed in the Robert E. Levin photometry lab with ambient
light switched off. A spectroradiometer was placed as close as possible to the integrating
sphere, so that it is capable of producing a strong enough output signal when the AC

LED is running at calibration current.

» Thermal stability of the AC LED

All spectral power distributions were obtained after the pin temperature of the LED
reached the temperature stability criteria defined prior to the experiment. The device
reached the thermal stability, when the variation in pin temperature measured over a 5

minute period at every 1 minute interval is less than 0.1°C.
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» Chromatic distribution

Instead of pointing the spectroradiometer directly at the source it was pointed to the

white reflective surface of an integrating sphere.

4.2.2 Experiment procedure: peak wavelength shift method

A GaP based AC LED package with four high voltage chips was used for this study. A
J-type thermocouple was attached to the center of the submount of the package to
measure pin temperature. The J-type thermocouple connected to the data acquisition unit
measured the pin temperature of the package. The package was attached to the
thermoelectric cooler using mechanical screws. The AC input power to the package was
provided through a control circuit (explained in appendix D). The control circuit receives
its regulated AC input from an AC power supply (California Instruments 1001P). The
LED mounted on the thermoelectric cooler is emitting light in to an 8 inch integrating
sphere through a port. A spectroradiometer, PR705 with a wavelength range of 380nm to
780nm and a spectral accuracy of #2nm is looking in to the integrating sphere through a

port to obtain the spectral power distribution of the emission.

The first step of the experiment was to identify a suitable calibration current to obtain a
calibration curve. The calibration current was determined after considering the factors
explained in 4.1.3. In addition the magnitude of the calibration current is constrained by
the sensitivity of the spectroradiometer. In order to identify the appropriate calibration

current peak wavelength at different input currents were measured.

A source measurement unit (Yokogawa GS610) was used to provide a range of DC input
currents (20mA, 15mA, 10mA, 5SmA, ImA, 0.1mA, 0.0lmA) to the AC LED package.
The temperature of the thermoelectric cooler was set at 25°C. The spectral measurements
were obtained when LED reached thermal stability (as described in 4.2.1.3). The cubic
spline interpolation function in MATLAB was used to identify the peak wavelength
value of the spectrum. The measurements were performed at three different temperature

settings (250C, 50°C & 750C). The results obtained are shown in Figure 18.
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Figure 18: Variation of Peak Wavelength with DC current of a GaP based AC LED package

According to the data plotted in Figure 18, it is clear that when the driving current is less
than 0.1lmA there is no substantial shift in the peak wavelength. The repeated
measurements showed that the measurement uncertainty of peak wavelength is £0.25nm,
when cubic spline interpolation was used to find the peak wavelength value of the

measured spectrum.

Based on the above analysis a DC reference current of 0.06mA was chosen to obtain the
calibration curve. The minimum DC current pulse the voltage drop circuit could produce
with least noise is 0.06mA. The use of identical calibration currents in both experiment
set ups has the advantage of maintaining similar measurement conditions. The
calibration curve was obtained by measuring the emission spectrum from 25°C to 75°C

at every 5°C temperature intervals.

After obtaining the calibration curve the spectral power distribution of the LED was
measured at three AC input voltage conditions (110V, 120V & 130V). At each input
voltage condition, spectral power distribution was obtained at three temperature settings
(25°C, 50°C & 75°C). All readings were obtained after the AC LED reached thermal

stability criterion.
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Hypothesis 3: variation of thermal resistance with ambient
temperature

The hypothesis verifies, whether the thermal resistance of AC LED packages increase
with ambient temperature range of 25°C to 75°C.

4.2.3 Experiment variables

4.2.3.1 Independent variables

» Cold plate temperature

The ambient temperature surrounding the LED was varied using the thermoelectric
cooler/heater. Cold plate temperature was adjusted to 25°C, 50°C and 75°C. The
temperature range was selected considering the typical ambient temperatures in the
operating environment of AC LED packages. The upper limit of the cold plate

temperature is limited to 80°C.

4.2.3.2 Dependent variable

» The sense voltage

This is the voltage across the junction when the reference current pulse is applied at the
dead-zone of the current waveform in the voltage drop method for AC LED. This is the

temperature sensitive parameter that is used to predict the junction temperature.

4.2.3.3 Extraneous variables

» Electrical input power to the junction

Electrical input power to the junction influence the thermal resistance of the DC LED
[46,48,49]. According to literature increasing the ambient temperature and increasing
input power has opposing effects on the thermal resistance [49]. In order to minimize the
effect of changing input electric power on thermal resistance, the input voltage was kept
constant; hence the order of magnitude change of input electric power is small. Even
though the AC LED is operated at a constant AC voltage, since the current increase with
the operating temperature input power to the AC LED would be different at different
temperature settings. Input power to the LED is measured when AC LED becomes

thermally stable.
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» Optical power

The conversion efficiency of input electric power to optical power changes with ambient
temperature. In order to account for this, optical power of the LED is measured in an

integrating sphere at the respective cold plate temperature as explained in appendix E.

> Air flow velocity

The AC LED was enclosed so that changes in the air flow velocity during the
experiment have a minimum effect on the thermal resistance measurement. Changes in
the air flow velocity influence the natural convection and thereby change the heat flux
environment surrounding the junction. The use of active cooling further minimize the
influence of air flow rate surrounding the LED because instead of having multiple heat
flow paths, there is a single dominant heat flow path regulated by the active cooling

device.

4.2.4 Experiment procedure

Two GaN based white LED samples were used. Each sample was attached to the
thermoelectric cooler using mechanical screws. Calibration curve for each sample was
obtained as explained in section 4.1.2. The operating voltage of the AC LED was set at
120V. The junction temperature of the package was estimated at three temperature
settings (25°C, 50°C & 75°C) of the thermoelectric cooler as explained in section 4.1.2.
Three measurements at random sequence was obtained at each temperature setting. The
process was repeated for operating voltages of 110V and 130V. Optical measurements
were performed at each operating condition following the protocol mentioned in

appendix E.
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4.3 Hypothesis 4: Variation of thermal resistance with input voltage

The hypothesis attempt to verify that between the input voltage ranges, from 110V to

130V thermal resistance will reduce with high input voltage.

4.3.1 Experiment variables

4.3.1.1 Independent variable

» Input voltage
AC LEDs are driven at constant voltage; therefore input electric power to the AC LED is

changed by changing the rms AC voltage applied to the LED. Three input voltages of
110V, 120V and 130V were used. AC LEDs are rated to operate at 120V, but
distribution grids typically allow a tolerance of +10% [55]. AC LEDs if directly
connected to the wall plug without an AC voltage regulator would have to operate within

this tolerance.

4.3.1.2 Dependent variable

» The sense voltage

This is the voltage across the junction when the reference current pulse is applied at the
dead-zone of the current waveform in the voltage drop method for AC LED. This is the
temperature sensitive parameter that is used to predict Tj.

4.3.1.3 Extraneous variables

» Ambient temperature

Thermal resistance increases with ambient temperature [47]. Therefore, it is important to
maintain the ambient temperature at a constant value to observe the effect of the input
power. Ambient temperature is held constant by maintaining the cold plate temperature

of the active thermoelectric cooler constant.
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5. Results
5.1 Verification of Hypothesis 1

Thermal resistance of a GaN based white AC LED package was measured using the
voltage drop method for AC LED and rms current recovery method. Calibration curve

for the white AC LED sample (Figure 19) was obtained at a reference current of
0.06mA.
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Figure 19: Calibration curve for white AC LED sample

The equation of the line of best fit is Y = -0.0040x + 7.0325. The temperature sensitivity
of the forward voltage of the LED is 4mV/°C. It is possible to state statistically with 95%
confidence that the gradient and the intercept of the calibration curve would be within
the following band.

Gradient: 0.0040+0.0001 V/°C

Intercept: 7.0325+ 0.0057 V

R” = 0.99 (p<0.05), which is a strong correlation of eleven independent measurements.

* Portions of this chapter previously appeared as: A. Jayawardena, Y.-W. Liu, and N.
Narendran, "Methods for estimating junction temperature of AC LEDs," in Proc. SPIE,
vol. 8123, San Diego, CA, 2011, pp. 812301I-1-812301-6, doi:10.1117/12.904056.
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During 120V.,s AC operation the reference current pulse was applied at the current
dead-zone and forward voltage drop across the LED was measured. Three repeated
measurements were performed at three different temperature settings. The measured
forward voltage was converted to T; using the calibration curve. The estimated junction

temperature values along with its standard deviation are given below in Table 1.

25°C 50°C | 75°C
Junction Temperature (°C) 42.9 70.3 | 100.1
Standard deviation 0.14 0.51 1.27

Table 1: Estimated junction temperature of white AC LED package at 120V

Thermal resistance was calculated using following formula,

R (Junction Temperature — Pin Temperature)
J-P =

(Input Electric power — optical power)

Thermal resistance calculation at each temperature setting of thermoelectric cooler using

voltage drop method for AC LED is given in Table 2.

Cold plate temperature 35°C 55°C 60°C
Junction Temperature (°C) 53.3 75.1 81.1
Pin Temperature (°C) 35.8 55.1 59.8
Temperature difference(°C) 17.5 20.0 21.3
Electric Input Power (W) 2.79 2.98 3.02
Optical power (W) 0.209 0.205 | 0.204
Thermal Input power (W) 2.58 2.77 2.82
Thermal Resistance (°C/W) 6.8 7.2 7.6

Table 2: Thermal Resistance calculations using voltage drop method for AC LED

The rms current recovery method was used to calculate thermal resistance of the same
GaN AC LED package. Three independent first half cycle rms current measurements

were obtained at each temperature settings. The summary of those measurements are

given in Table 3.
Temperature Setting 50°C 60°C 70°C
Average (mA) 24.142 24.716 | 25.664
Standard Deviation (mA) 0.098 0.121 0.144

Table 3: First half cycle rms current measurements
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Based on the repeated measurement analysis the maximum standard deviation of
predicted junction temperature is 2.3°C. The thermal resistance of the AC LED package
was calculated by recovering the first half cycle rms current. The results are shown in
Table 4. The recovered pin temperature refers to the temperature at which the first half

cycle rms current of the AC LED is recovered.

Initial Cold Plate Temperature 50°C 70°C 75°C
Initial pin Temperature (°C) 46.6 65.8 72
Recovered pin temperature (°C) 37.4 56.9 59.8
Temperature difference (°C) 9.2 8.9 12.2
Input electric (W) 2.60 2.68 2.81
Optical power (W) 0.209 0.205 0.204
Thermal input power (W) 2.4 2.5 2.6
Thermal Resistance (°C/W) 3.8 3.6 4.7

Table 4: Thermal resistance calculation using rms current recovery method

The comparison of thermal resistance values calculated for the same AC LED package
in Table 2 and Table 4 reveal that there is almost a 50% difference in the values, which
is more than the measurement uncertainties of the two experiment set ups. The
difference in pin temperature in Table 2 and recovered pin temperature in Table 4 is
insignificant (less than 2°C) to create such a wide discrepancy due to the effect of
ambient temperature. The difference in input thermal power to the junction is also
insignificant for the two cases. Therefore, the only plausible reason for such a

discrepancy would be the measurement method used.

It was hypothesized, in hypothesis 1 that the main contributing factor for this
discrepancy is the temperature rise that occurs in the first half cycle of the AC current
which is not accounted for in the rms current recovery method. Therefore, if this
temperature rise in the junction is measured using the voltage drop method for AC LED
and accounted for in the rms current recovery method, both should yield similar results.
If there is any discrepancy in the calculated thermal resistance values using two methods

that could be attributed to measurement uncertainties in the setups.
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Temperature rise in the first half cycle of the AC current waveform at different
temperature settings of the thermoelectric cooler was measured. Three repeated

measurements were performed at each temperature. The results are given below in Table

5.

Cold plate temperature (°C) 25 50 60 70 75
Junction Temperature after
the first half cycle (°C)

Standard Deviation (°C)

29.6
0.24

54.2
0.33

64.6
0.20

75.0
0.18

80.3
0.12

Table 5: Junction Temperature after the first half cycle of AC current

In rms current recovery method T;j should be at the values mentioned above when the
current is recovered, rather than at the initial pin temperature just before turning on the

AC LED. Therefore, thermal resistance should be calculated as,

Ry_p = (TJ after the first half cycle of current — recovered Pin Temperature)

(Input Electric power — optical power)

Initial Cold Plate Temperature 50°C 70°C 75°C
T, after first half cycle (°C) 54.2 74.8 80.3
Recovered pin temperature (°C) 37.4 56.9 59.8
Temperature difference (°C) 16.8 17.9 20.5
Input electric power (W) 2.60 2.68 2.81
Optical power (W) 0.209 0.205 0.204
Thermal input power (W) 2.4 2.5 2.6
Thermal Resistance (°C/W) 7.0 7.2 7.9

Table 6: Thermal resistance calculated after accounting for first half cycle heating

The comparison of thermal resistance calculated using both methods after accounting for

initial half cycle junction is heating is given below in Table 7.

Res.pVoltage drop method
(°c/w) 6.8 7.2 7.6
Rei.prms current recovery
method (°C/W) 7.0 7.2 7.9
Difference (°C/W) -0.2 0.0 -0.3
Difference % -3 0 -4

Table 7: Comparison of thermal resistance values calculated using two methods
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The difference in thermal resistance values calculated using the two measurement
methods can now be explained by the measurement uncertainties in the two
measurement setups. A summary of the comparison before adjusting for first half cycle
heating and after adjusting for first half cycle heating is given in Figure 20 & Figure 21

respectively.

Therefore Hypothesis “Thermal resistance values of an AC LED measured using voltage
drop method for AC LED and rms current recovery method after adjusting for first half

cycle heating in the junction will agree within 10% "is verified.

A similar analysis was performed for a GaP based AC LED package at two different
temperature conditions (50°C & 75°C). The summary of results is given in Table 8. The

results further verify the hypothesis 1.

Rgs.pVoltage drop method
(°c/w) 6.3 6.9
Resprms current recovery
method (°C/W) 6.3 6.5
Difference (°C/W) 0 0.4
Difference % 0 5.7

Table 8: Comparison of thermal resistance measurements for GaP LED
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Figure 20: The comparison of thermal resistance measured using voltage drop method for AC LED

and rms current recovery method before adjusting for first half cycle heating
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Figure 21: The comparison of thermal resistance measured using voltage drop method for AC LED

and rms current recovery method after adjusting for first half cycle heating

5.2 Verification of Hypothesis 2

Thermal resistance of a GaP based LED package was measured using the voltage drop
method for AC LED, following the same protocol as mentioned in chapter 4.1.3. The
calibration curve that indicates the relationship between forward voltage and junction

temperature for the package is given in Figure 22.
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Figure 22: Calibration curve for GaP based AC LED package

The gradient and intercept of the line of best fit for the above data points along with their
95% confidence bands are given below.

Gradient = 0.0136 £0.0003 V/°C

Intercept = 10.5019 £ 0.0152 V

The coefficient of correlation for the above calibration curve is 0.999, which is a
statistically significant correlation for eleven independent measurements (P<0.05). The
package shows strong linear correlation between forward voltage and Tj, therefore

satisfy the basic requirement that is necessary to use voltage drop method.

Junction temperature was measured at three different AC input voltages (110,120V &
130V) using voltage drop method for AC LED. At each input voltage T; was measured
at three temperature settings of the thermoelectric cooler (25°C, 50°C & 75°C). The
estimated Tj of the package at each input voltage and temperature combinations are

given below in Table 9.

25°C 50°C 75°C
110v | 33.3°C| 58.0°C| 84.0°C
120v | 41.8°C| 67.6°C| 94.0°C
130v | 46.0°C| 71.6°C| 97.7°C

Table 9: Estimated junction temperature of GaP based AC LED package
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At each of these AC input voltage and temperature combinations the peak wavelength
value of the GaP based AC LED package was measured as explained in chapter 4.2.2.
The measured peak wavelengths of the GaP based AC LED package are given in Table
10.

25°C 50°C 75°C
110V | 620.35nm | 623.91nm | 627.62nm
120V | 621.49nm | 625.08nm | 628.91nm
130V | 623.35nm | 626.65nm | 630.73nm

Table 10: Peak wavelength of GaP based AC LED package
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Figure 23: Relationship between junction temperature and peak wavelength for GaP based AC LED
package

The gradient and intercept of the line of best fit for the data points in Figure 23 along
with their 95% confidence bands are given below.

Gradient = 0.146 + 0.020 nm/°C

Intercept = 615.65 + 1.40 nm

The correlation coefficient (Rz) of the line of best fit is 0.9732.

The peak wavelength of the GaP based AC LED package has a statistically significant
(P<0.05) linear correlation with junction temperature. Therefore the hypothesis “For

GaP based ACLED package; If the junction temperature (Junction temperature is
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estimated using voltage drop method) increases then the peak wavelength will shift to
longer wavelength, and the rate of peak wavelength shift with temperature will be

linear” is verified.

5.3 Verification of Hypotheses 3&4

The average of three independent T; measurements obtained at each voltage and

temperature combination for sample 1 is given in Table 11.

Input Voltage 25°C 50°C 75°C
110V 37.8°C 63.9°C 92.2°C
120V 42.9°C 70.3°C 100.1°C
130V 50.0°C 79.0°C 110.8°C

Table 11: Average of estimated junction temperature for Sample 1

The thermal resistance was calculated using following formula,

R (Junction Temperature — Pin Temperature)
J-P =

(Input Electric power — optical power)

All the data that was collected to calculate thermal resistance of sample 1 is given in
Appendix F. The thermal resistance calculated using the average T; is shown in Table

12. All thermal resistance values have the units of °C/W.

25°C 50°C 75°C
110V 7.0 7.5 8.9
120V 6.4 7.1 8.3
130V 6.2 6.9 8.2

Table 12: Thermal resistance of sample 1

Figure 24 shows the variation of thermal resistance of sample 1 with ambient
temperature at three different input AC voltages. An F-test and a pair wised comparison
using t-test was performed. The results of the statistical analysis are provided in
Appendix F. The results of the F-test confirmed that ambient temperature has a
significant effect (P<0.05) on thermal resistance. For a probability criterion of P<0.025
(one tail t-test) all the compared means show a significant difference. This would mean

that when the input AC voltage is held constant measured thermal resistance is
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significantly different at different cold plate temperatures. As shown in Figure 24 when
the cold plate temperature increases measured thermal resistance increases. Therefore
for sample 1 hypothesis 3, “In the range of 25°C 10 75°C, if the ambient temperature
surrounding the AC LED increases then the thermal resistance value will increase” is

verified.
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Figure 24: Variation of thermal resistance with cold plate temperature of sample 1, GaN based
white AC LED package
The variation of thermal resistance with input AC voltage is shown in Figure 25. The
results of the statistical analysis are given in Appendix F. The F-test showed that input
AC voltage has a significant effect (P<0.05) on thermal resistance. For a criterion
probability of P<0.025 (one tail test) part of the compared means don’t show a
significant difference. It is evident from the data that there is a clear thermal threshold
beyond which the effect of temperature increase around the LED package nullifies the
impact of reduction in thermal resistance due to high input voltage. The fact that the F-
test indicated a possible interaction between temperature and AC input voltage on the

thermal resistance measurement supports this argument.

Therefore even though input power has a significant effect on the thermal resistance

measurement and trend of the data points in Figure 25 suggests that thermal resistance
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decrease with input AC voltage. Hypothesis 4 doesn’t fully explain the behaviour of
thermal resistance with input power. Therefore hypothesis 4 for sample 1, “In the range
of 110V-130V, if the input voltage to the AC LED increases then the thermal resistance

value will decrease”is partially verified.
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Figure 25: variation of thermal resistance with input AC voltage for samplel, GaN based white AC

LED package

Similar results were observed for the sample 2. The detailed results of the 2" GaN based

white AC LED sample are given in Appendix F.
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6. Discussion

Of the two methods, voltage drop method and rms current recovery method, studied in
this thesis for estimating junction temperate of AC LED, the voltage drop method for
AC LED emerged as the more promising candidate for junction temperature prediction.
Even though the rms current recovery method gave erroneous results initially for the
measured thermal resistance values, after the temperature rise in the first half cycle of
the current waveform was added the thermal resistance measured using rms current

recovery method and voltage drop method for AC LED yielded similar results.

6.1 Absolute junction temperature measurement

In order to further verify the accuracy of the absolute junction temperature measurement
of the AC LED package, peak wavelength shift method was used. The experiment setup
and protocol is explained in section 4.2.2. A calibration current of 0.06mA was chosen
since at this current there is negligible heating in the junction. The methodology adopted
in choosing this reference current is explained in detail in section 4.2.2. The calibration

curve for the GaP based AC LED package is shown in Figure 26.
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Figure 26: Calibration curve for peak wavelength shift method
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The line of best fit for the calibration curve along with their tolerances in the 95%
confidence interval band is as given below.

Gradient: 0.1405 % 0.0059 nm/’C

Intercept: 615.58+ 0.31nm

Figure 27 shows the peak wavelength plotted against the junction temperature estimated
using voltage drop method and peak wavelength shift method. The dotted straight line
connects the data points that represent the estimated T; (using peak wavelength shift
method) at each peak wavelength. The line of best fit drawn, connecting the data points
that represents T; estimated using voltage drop method at each peak wavelength is also

presented in the Figure 27.
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Figure 27: Peak wavelengths vs. estimated T; using voltage drop method for AC LED and peak
wavelength shift method

The equation of the trend line (voltage drop) in Figure 27 that was drawn through the
points that represents the T estimated using voltage drop method for AC LED is,

y =0.1421x + 615.59

The R? value of the line of best fit is 0.9994
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The above trend line (voltage drop) equation was compared to the equation of the trend
line (peak wavelength) in Figure 27, which is same as the equation of the peak
wavelength calibration curve in Figure 26. The slope and intercept of the trend line
(voltage drop) is within the 95% confidence band of the slope and intercept of the peak
wavelength calibration curve in Figure 26. Therefore statistically it could be stated that
both trend lines overlap on one another and their offset as observed in Figure 27 is due to

the measurement uncertainties of the experiment set ups.

The Table 13 shows a comparison of estimated T; using two methods. The calculated
difference between the two methods are well within the measurement tolerances of the
two set ups. The measurement uncertainty of T; estimated using peak wavelength shift
method is + 1.4°C. The measurement uncertainty of T j estimated using the voltage drop
method is +1.35°C. However there is a systematic difference that suggests that voltage
drop method underestimate the junction temperature. This is consistent with what Yang,
et.al [39], observed in their comparative study of voltage drop method and peak
wavelength shift method for DC LEDs. This may be due to following reasons,

e The capacitance in the junction causes voltage measured to lag behind the

junction temperature.

This is a phenomenon that is well described in literature for junction temperature
measurement of semiconductor packages [43]. Therefore it is plausible that estimated

junction temperature using voltage drop method is lower than its real value.

® A sampling delay time was built in to the voltage drop measurement set up to
avoid initial electrical noise that occurs during the switching.

This delay would mean that the sampled voltage represents a junction that is cooled for a
Ims duration. The assumption that was made in the voltage drop method is that when the
AC LED reached its thermal stability the junction doesn’t cool down in the current dead-
zone due to thermal capacitance of the package. Thermal stability criterion was
determined by measuring the pin temperature rather than the junction temperature. It is
possible that even though the pin of the LED package has achieved thermal stability

junction has not reached its thermal stability and still undergoes some amount of cooling
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in the current dead-zone. Therefore due to sampling delay time measured voltage

represents a slightly cooled junction.

Tiestimated using | T, estimated using

Peak wavelength voltage drop Difference
Peak Wavelength (nm) shift method (°C) method (°C) (°c)
620.35 34.0 33.3 0.7
623.91 59.3 58.0 1.3
627.62 85.7 84.0 1.7
621.49 42.1 41.8 0.2
625.08 67.6 67.6 0.0
628.91 94.9 94.0 0.9

Table 13: Comparison of junction temperature measurements using voltage drop and peak

wavelength shift methods

6.2 Measurement Uncertainty: voltage drop method

A point of concern when implementing any measurement scheme is repeatability of
results when measured over a period of time and in similar environment conditions.

Possible source of errors in the voltage drop method is identified in this section.

6.2.1 Calibration curve

The slope and intercept of the calibration curve is bound to vary between different
samples of the identical product family. For example two AC LED samples of the same
manufacturer that were tested in the voltage drop set up had temperature sensitive
parameters of 4mV/°C and 4.3mV/°C. Therefore if only a single sample of a batch is
calibrated and the same calibration curve is used for the entire batch this variation in

gradient would produce 7% uncertainty in the measured temperature rise in a junction.

The gradient of the voltage calibration curve in the voltage drop method if properly
measured is an intrinsic property of the package. Therefore more homogeneous the
packages are less the variability of gradient between packages of the same product

family. Further analysis with greater sample size drawn from a same batch of AC LEDs
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is needed for a detailed analysis of uncertainty of T; measurements performed using a

single or few samples drawn out of a batch of LEDs.

Another source of error during calibration is the drift of reference current during
calibration. If a latest source measurement unit (ex: National Instrument PXI-4130,
Agilent B2902A) was used as the source to provide the reference current of 60pA the
drift could vary from 0.06% [56] to 0.19% [57].

The intercept of the calibration curve is dependent on the thermal environment
surrounding the LED package. Therefore the uncertainty of the intercept of the
calibration curve is much larger than the uncertainty of the gradient. In the case of DC
LEDs this uncertainty is minimized by placing the device under test in a temperature
controlled chamber [9]. The voltage drop method for DC LEDs also measures the
voltage drop that occurs when current across the LED switches from heating current to
measurement current. By taking a voltage measurement just prior to the application of
measurement current and taking the difference between the voltage at heating current
and measurement current, the T; measurement doesn’t have to rely on a predefined
intercept value that was obtained during calibration. This option is not available for AC

LEDs, because the forward bias of the AC LED changes rapidly with AC input voltage.

6.2.2 Thermal environment

The traditional thermal environments used for semiconductor device calibrations are
either ovens or die-electric liquid baths [43,9]. In the recent past several studies on T;
measurements use thermoelectric coolers to generate the required thermal environment
for calibration [14,2,58]. Thermoelectric coolers offer a fast and reliable way to achieve
a stable temperature surrounding for LEDs. However unlike in the case of ovens or die
electric baths thermoelectric cooler cannot ensure that the entire thermal environment

surrounding the LED is at a uniform stabilized temperature.
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It was assumed during calibration that thermal environment that is immediately
surrounding the LED is influenced solely by the thermoelectric cooler and ambient air
temperature and velocity has negligible effect on the AC LED. The results of this thesis
and measurement standards on DC LEDs highlight the importance of maintaining a
similar thermal environment during thermal resistance measurements [9,29].
Thermoelectric cooling is hardly employed as a thermal management strategy for LEDs.
An advantage of the voltage drop method for AC LED compared to rms current recovery
methods is that it doesn’t mandate you to use a thermoelectric cooling system. It enables
the measurement of thermal resistance in similar thermal environments as the AC LED

will be used.

6.2.3 Pin temperature measurement

Thermal resistance value is often specified with respect to a reference point on the board
of the LED package. This is one of the major sources of errors in the thermal resistance
measurement. Different thermocouple types have significant measurement uncertainties
in the temperature range of interest for LED packages. Table 14 list the maximum error

of thermocouples that meet the IEC 584-2 (1982) standard at 0-200°C temperature range.

Thermocouple Type | error (°C)
J type 1.5
T Type 0.8
S type 1.0
K Type 1.5

Table 14: Standard errors of thermocouple types

Selection of a reference point to measure the pin temperature is another source of error.
It is assumed that the board of the LED package is an isothermal surface but this is far
from reality. Depending on the point at which the thermocouple is attached on the board
the measured pin temperature would be different, and therefore it would be difficult to
reproduce the measurement results universally, unless the thermocouple is attached at

the exact same location.
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In order to remove this error from the thermal resistance measurement, literature has
suggested the use of the cold plate temperature of the thermoelectric cooler as the
reference. Cold plate if properly designed would be closest to an isothermal surface, and
the temperature of that could be measured using a thermistor which typically has
measurement errors of only 0.15°C to 0.3°C depending on the type of the metal and
class. The use of cold plate temperature would make the thermal resistance

measurements reproducible when measured in different laboratories.

Another strategy suggested in literature to measure thermal resistance by avoiding the
pin temperature measurement is to use temporal difference in junction temperature

instead of using spatial difference of temperature [41].

6.2.4 The uncertainty analysis

An uncertainty analysis was performed for each measurement set up using the
propagation of error formulas [59]. The uncertainty analysis is explained in detail in

Appendix G. The summary of the uncertainty analysis is given below in Table 15.

Measurement method Junction Temperature (T;) | Thermal Resistance (SD
within 95% confidence)
Voltage drop method +1.35°C +0.4°C/W (£5.5%)

Rms current recovery using | +2.3°C +0.7°C/W (£10%)

active heat sink

Peak wavelength shift +1.4°C +0.5°C/W (£10%)

Table 15: Summary of the uncertainty analysis
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6.3 In line measurement of AC LED packages

The LED industry uses an optical pulse method, where a 10ms current pulse is applied to
the LED package for inline measurement of light output characteristics [58]. The
assumption being that T; doesn’t increase substantially during this period. Therefore,
data sheets specify optical characteristics of LEDs at 25°C. Optical pulse measurements
require a certain integration time. Therefore the assumption that there is no self-heating
in the junction during optical measurements is not valid [14]. According to Poppe et.al
[58], during this 10ms period, with similar thermal boundary conditions prevalent in an
inline measuring environment when a 350mA current pulse is applied T; change by
15°C. Therefore measurement of T; when obtaining optical measurements is important

for accurate binning.

The 10ms time frame in the case of AC LEDs represents approximately half a cycle of
AC voltage (60Hz waveform 8.3ms). In order to implement voltage drop method as an
in-line measurement procedure a batch calibration needs to be performed to obtain the
calibration factor. As discussed in section 6.2.1, since intercept of the calibration curve is
dependent on the thermal environment at the point of measurement, its use in T;
measurement should be avoided. Instead a reference current pulse can be applied at the
start of the AC measurement. After running the AC LED a given number of cycles,
another reference current pulse can be applied. By taking the temporal voltage difference
between the initial and final reference current pulses, the temperature rise in the junction

could be estimated.
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7. Conclusion

This thesis further developed the voltage drop method for AC LED packages introduced
in literature [3]. This thesis demonstrated, the thermal resistance measured using rms
current recovery method [2] is similar to the the thermal resistance measured using the
voltage drop method for AC LED if the junction heating that occurs during the first half

cycle of current is accounted for.

The validity of the voltage drop method for AC LED in predicting T; of an AC LED was
further proved by measuring the peak wavelength value of a GaP based AC LED
emission spectrum. The peak wavelengths of the package showed a strong correlation
with T; estimated using the voltage drop method for AC LED. The absolute T; measured
using voltage drop method for AC LED and peak wavelength shift method agree very

well.

It should be noted that the estimated T; is the average temperature of all junctions in an
AC LED package during its AC operation. The thesis also measured the heating profile
of the junction in the first half cycle of AC current. This thesis explains in detail the
voltage drop method for AC LED emphasizing the potential sources of errors, and

possible ways to avoid them.

The thermal resistance of AC LED packages at different ambient temperature and input
voltage conditions were measured. All thermal resistance values were calculated by
using the effective power dissipated at the junction (total power minus the optical power)
of the package at different input voltage and temperature conditions. The data showed
influence of both temperature and input voltage on the thermal resistance. When the
ambient temperature was raised the thermal resistance value increased. This is consistent
with the similar studies in literature for DC LEDs [47,49]. The heat spreading that
occurs in the board of the LED package makes it difficult to separate thermal resistance
due to conduction and convection [45] . Therefore the measured junction to pin
conduction thermal resistance is not completely independent from the pin to ambient

convective thermal resistance. Another plausible reason could be that 1-D conduction
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heat transfer assumption made during estimating thermal resistance is an over

simplification of a 3-D heat transfer that occurs in a package.

The thesis results showed that the thermal resistance of an AC LED package is also
influenced by the input power to the package. However the results showed that at high
ambient temperature conditions there is no significant difference between the thermal
resistances measured at different input power levels. When the input power to the
package is increased there are two opposing influences on the thermal resistance of the
package. High input power leads to high temperature in the junction, and hence the area
surrounding the package, thereby increasing the thermal resistance as explained above.
On the other hand high input voltage leads to more heat dissipation in the external series
resistance of the package there by reducing the estimated thermal resistance [46]. The
data suggests that at high ambient temperatures thermal effect negates the input voltage

effect on thermal resistance.
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Appendix A: Forward voltage drop method

The standard published by JEDEC (Joint Electron Device Engineering council) in
partnership with EIA (Electronic Industries Alliance) for Integrated Circuits Thermal
Measurement Method — Electrical Test Method (EIA/JESDS51-1) explains, the guidelines
that need to be followed when measuring junction temperature using this two current

forward voltage drop method.

The calibration constant (K-factor) is calculated by applying the measurement current at
a controlled ambient temperature environment. The junction temperature is assumed to
be equal to ambient temperature when the measurement current is applied, since it is too

small to cause self-heating in the device [9].

_ (Tu — Tio)
~ (Vur — Vo)
where,
Ty & Tro — High and low ambient temperatures (OC)

Vi & Vo — Corresponding high and low voltages at the measurement current (V)

When computing the K-factor it should be verified whether the device being tested has a
linear relationship between the forward voltage and T;. This method enables the
manufacturer to perform a batch calibration. If the distribution between the samples,

within a batch is acceptable; this method could be applied as an inline testing solution.

The test protocol adopted in this method could be summarized into the following three
steps [9].
e Measurement current, Iy is applied and the junction voltage of the LED at this
current (V) is recorded. A calibration curve is obtained as shown in Figure 28
(a). Figure 28: Illustration of forward voltage drop method for DC LEDs
e Heating current, Iy (designed driving current of the LED) is applied for a time

duration that is sufficiently long enough to attain thermal steady state for the
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device. Heating curve for the LED needs to be established prior to testing in
order to establish the required heating time.

¢ Diode voltage (Vy) is measured at the steady state to determine the power
dissipation of the diode.

e Heating current (Iy) is replaced with the measurement current (Iy), and the
forward biased voltage (Vy) of the diode is measured as shown in Figure 28(b).
When obtaining measurement it is important to analyze the cooling curve of the

LED, to determine the required measurement delay time.
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Figure 28: Illustration of forward voltage drop method for DC LEDs [60]

(a) Calibration curve of the forward voltage vs. junction temperature.
(b) Graph above: current is switched from heating current (Iy) to measurement current

(Im). Graph below: forward voltage change during transition from Iy to Iy
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Appendix B: Forward voltage recovery method

The forward voltage recovery method was suggested as a possible alternative for the
forward voltage drop method that is used to measure T; of DC LEDs. According to
Zong, et.al, the main advantage of this method is that unlike in the case of forward

voltage drop method it doesn’t require a calibration [14].

This method uses a thermoelectric cooler to control the immediate thermal environment
of the DC LED. The DC LED is attached to the thermoelectric cooler using mechanical
screws. When mounted on the thermoelectric cooler, it will have a T; that is equal to the
temperature of the cold plate when it’s in the off state. Then the DC LED is turned on
and is allowed to thermally stabilize at its rated operating current. The instantaneous
forward voltage is measured at the instance of forward biasing the DC LED. The
forward voltage of the LED drops rapidly as shown in Figure 29. Zong et.al, suggests to
apply a stream of pulses as in Figure 30 (b) or to extrapolating the instantaneous voltage
using the heating curve as in Figure 30 (c), to improve the accuracy of the initial forward

voltage measurement [14].

Once the DC LED is thermally stable, temperature of the thermoelectric cooler is
incrementally reduced till the forward voltage of the DC LED is equal to the measured
instantaneous voltage. Once the voltage is recovered it was deduced that T; is similar to

the initial temperature [14].
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Figure 29: Forward voltage drop over time

The forward voltage recovery method yield similar results that could be obtained when
DC LEDs are measured using forward voltage drop method [14]. The measurement of
the instantaneous voltage which is a key parameter in the experiment would be a
challenge since electrical circuits will have a response time delay, measuring time delay
and electrical noise during switching. Extrapolation of the instantaneous voltage would
also introduce uncertainties to the measurement since heating curve has rapidly changing
gradients at the initial stage as shown in Figure 29. Nevertheless the measurement
method has the advantage of being independent from effects such as mounting method
and thermal resistance, because it uses T; as the reference [14]. The measurement
method may also require fast measuring instruments with high resolution since voltage

variations in certain types of LEDs could be very small (mV range).
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Figure 30: Illustration of voltage recovery method [14].

(a) Apply step current. (b) Apply a pulsing current. (c) Extrapolate using the heating

curve
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Appendix C: Pilot study to determine the uncertainty of the rms
current recovery set-up

A pilot study was conducted to identify the uncertainty of the measurement set up that
uses rms current recovery method to estimate Tj. This information was important in
forming in experiment hypothesis. Any discrepancy in thermal resistance value
estimated using the voltage drop method for AC LED and rms current recovery method

should be able to explain using the measurement uncertainty of the two methods.

A calibration curve was obtained by measuring initial half cycle rms current at different
temperature settings within the range of 25°C to 75°C at every 5°C increments. The
objective being to replicate the initial half cycle rms current relationship with
temperature as observed in the literature [2]. Since initial half cycle rms current
measurement is the key temperature sensitive parameter, uncertainty of its measurement

influence the T; prediction.
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Figure 31: Frist half cycle rms current Vs. pin temperature
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The calibration curve in Figure 31 shows a statistically significant correlation (p<0.05)
between first half cycle rms current and pin temperature as demonstrated in the literature
[2]. The slope and intercept variation within a 95% confidence interval are,

Gradient = 0.0669 * 0.0033 mA/°C

Intercept = 22.004 + 0.308 mA

The measurement uncertainty in the calibration curve results in a 1.35°C uncertainty in
the junction temperature measurement. This in turn represents 0.7°C/W uncertainty
(within a 95% confidence interval) in the thermal resistance measurement. This figure
was further validated using repeated measurements [3]. This represents a 10% error band
if thermal resistance measured using the voltage drop method for AC LED was used as

the base. A detailed uncertainty analysis is provided appendix G.
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Appendix D: AC LED control circuit for voltage drop method for AC
LED

The custom built control circuit used in voltage drop method for AC LED performs
following functions.
e  Supply the AC LED with a DC calibration current and sample and hold the
voltage across the AC LED at this calibration current.
The LM340-IC will act as a current regulator in providing the required reference current.
Apart from the junction heating considerations the magnitude of the calibration current
is limited by the fact that when it is too low the noise to signal ratio is higher, hence

forth reduce the reliability of the measurement.

¢ Insert the reference current pulse at the desired phase angle of the AC current
waveform.

The MSP430 microcontroller is programmed so that based on the control inputs

provided by the user it would apply a reference DC current for calibration and an AC

voltage along with a reference current pulse for measurement. The phase angle at which

the reference current pulse is applied is adjustable using the software.

A Relay with a mercury wetted contact switch the current to the desired calibration
current as shown in Figure 32. This transition is controlled by the MSP430
microcontroller. The voltage across the AC LED is sampled with a fixed time delay

(1ms) to avoid the influence of switching electrical noise on the measurement.

The sample and hold circuit (SMPO4ES) captures the sampled voltage and stores the
value every time a reference current pulse is applied. At every instance a reference
current pulse is applied, the sampled voltage will over write the previous value. Since
the reference pulse is applied at the current dead-zone, the measured voltage across the
AC LED should not change with time after AC LED reached thermal stability. In order
to verify this, one hundred samples of the voltage across an AC LED at reference current

were measured after reaching thermal stability under AC operating conditions. The
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standard deviation of the samples was 0.4mV, which represents a standard deviation of

0.1°C of T; measurement, which is within the uncertainty of the measurement setup.
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Figure 32: The reference current pulse

e The control circuit also has the ability to apply the input AC voltage waveform to

the AC LED starting from any specified phase delay.
This functionality enables a user to apply an AC waveform for a short duration. For
example, a user could only apply a half cycle, quarter of a cycle or a full cycle of AC
voltage waveform based on his requirement. This functionality was used to plot the

heating curve of the junction during the first half cycle of the AC voltage.
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Appendix E: Optical power measurement

An eight inch integrating sphere along with a spectroradiometer (Ocean Optics USB
2000) was used to measure the optical power of the AC LED. The sphere set up was
calibrated using three different halogen lamps that have a known spectrum measured in a
NVLAP accredited integrating sphere. The calibration lamp was fully inserted to the
sphere through a port and was powered using a DC power supply. A shunt resistor was
used to measure the current supplied to the lamp to ensure the same current that was
used to measure the spectrum of the lamp in the NVLAP sphere is used. The lamp was
allowed to stabilize for 20min. Once the lamp is stabilized the raw data of the spectrum
was obtained. Integration period of 5ms was used for calibration. A calibration factor
graph shown in Figure 33 was obtained for each wavelength by dividing the spectrum
obtained in the NVLAP sphere by the raw data obtained in the eight inch integrating

sphere.
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Figure 33: Calibration factors used for integrating sphere calibration

The AC LED sample attached to the thermoelectric cooler was placed next to an open
port facing the interior of the sphere. The direct view of the AC LED by the fiber optic

was blocked using a baffle. The area surrounding the AC LED was covered using a
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white tape, without blocking the light. A spectral power distribution (SPD) of phosphor
converted white AC LED obtained using the calibrated integrating sphere set up is
shown in Figure 34. The optical power was obtained by integrating the SPD. Optical
power was measured for all input power (110V, 120V & 130V) and temperature (25°C,
50°C & 75°C) conditions.
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Figure 34: Spectral power distribution of a white AC LED

Optical power measurements of a GaN based white AC LED package at different cold
plate temperature settings is shown in Figure 35. The optical power of the AC LED
package reduces with ambient temperature and therefore influences the thermal power
dissipation in the junction at different temperatures. Therefore it’s important to measure

optical power of a LED package at the appropriate temperature to accurately calculate

thermal resistance.
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Appendix F: Results of Samples measured
Sample 1

The Calibration curve for sample 1, a GaN phosphor converted white AC LED is given
in Figure 36.
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Figure 36: Calibration curve for sample 1

The average of estimated T; measurements at each voltage and temperature combination

for sample 1 is given in the following Table 16.

Input Voltage 25°C 50°C 75°C
110V 37.8°C 63.9°C 92.2°C
120V 42.9°C 70.3°C 100.1°C
130V 50.0°C 79.0°C 110.8°C

Table 16: Average of estimated junction temperature for Sample 1

The thermal resistance was calculated using following formula,

R (Junction Temperature — Pin Temperature)
J-P =

(Input Electric power — optical power)

The Table 17 list input electric power levels at each input voltage and temperature

combinations.
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25°C 50°C 75°C
110V 1.87W 2.04W 2.22W
120V 2.79W 3.04W 3.31W
130V 3.95W 4.28W 4.59W

Table 17: Electric input power for sample 1

The optical power data at each input voltage and temperature combinations are given in

Table 18.
25°C 50°C 75°C
110V 0.166W 0.167W 0.146W
120V 0.210W 0.206W 0.199W
130V 0.219W 0.219W 0.203W

Table 18: Optical power of sample 1

Based on the above data, the thermal resistance was calculated at each input voltage and

temperature combination. The average T; value was used in calculating the thermal

resistance shown in Table 19. All thermal resistance values have the units of °C/W.

25°C 50°C 75°C
110V 7.0 7.5 8.9
120V 6.4 7.1 8.3
130V 6.2 6.9 8.2

Table 19: Thermal resistance of sample 1

An F-test with a 3 x 3 factorial design was used to identify whether there is a significant
impact of temperature and input AC voltage on the thermal resistance of sample 1. The

results of the analysis are shown in Table 20.

Source Type lll Sum of Squares df Mean Square F Sig.

power 1.192 2 0.596 | 25.341 0.005

temp 13.297 2 6.649 | 242.833 0.000
%

f::sr 0.489 4 0122 | 6.826 0.011

Table 20: Results of 3 by 3 F-test for sample 1
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For a criterion probability of P<0.05, it is clear that thermal resistance is dependent on
both input power and temperature. One tail student t-test was performed to compare the
means of the temperature data points for sample 1. The results of the paired test for

sample 1 are given below in Table 21.

Pairs t df Sig. (1-tailed)

Pair 1 110Vv25C - 110v50C -5.684 2 0.015
Pair 2 110V25C - 110V75C -7.767 2 0.008
Pair 3 110V50C - 110V75C -7.859 2 0.008
Pair 4 120V25C - 120V75C -7.914 2 0.008
Pair 5 120V50C - 120V75C -10.925 2 0.004
Pair 6 120V25C - 120V50C -4.987 2 0.019
Pair 7 130V25C - 130V50C -25.843 2 0.001
Pair 8 130V25C - 130V75C -244.061 2 0.000
Pair9 130V50C - 130V75C -55.625 2 0.000

Table 21: Results of the T-test that compared the temperature points of samplel

For a probability criterion of P<0.025 (one tail t-test) all the compared means show a
significant difference. This would mean that when the input AC voltage is held constant

measured thermal resistance is significantly different at different cold plate temperatures.

The F-test showed that input AC voltage has a significant effect on thermal resistance. A
pair wise comparison was performed between thermal resistance measured at different
input AC voltages at a given cold plate temperature. Results of the t-test analysis are

shown in Table 22.
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t df Sig. (1-tailed)
Pair 1 110V25C - 120V25C 4.551 2 0.023
Pair 2 110V25C - 130V25C 8.103 2 0.007
Pair 3 120V25C - 130V25C 3.949 2 0.029
Pair 4 110V50C - 120V50C 16.695 2 0.002
Pair 5 110V50C - 130Vv50C 7.879 2 0.008
Pair 6 120V50C - 130Vv50C 1.623 2 0.123
Pair 7 110V75C - 120V75C -0.175 2 0.438
Pair 8 120V75C - 130V75C 0.602 2 0.304
Pair9 110V75C - 130V75C 0.624 2 0.298

Table 22: Paired T-test for sample 1 at different input voltages

For a criterion probability of P<0.025 (one tail test) part of the compared means don’t
show a significant difference. It is evident from the data that there is a clear thermal
threshold beyond which the effect of temperature increase around the LED package
nullifies the impact of reduction in thermal resistance due to high input voltage. The fact
that the F-test indicated a possible interaction between temperature and AC input voltage

on the thermal resistance measurement supports this argument.
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Sample 2

The calibration curve for sample 2 is given below in Figure 37.
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Figure 37: Calibration curve for sample 2

The T; has strong linear correlation (R2 =0.994, P<0.05) with forward voltage, therefore
sample 2 satisfies the basic requirement to use the forward voltage drop method. The
gradient and the intercept of the line of best fit along with their tolerances (95%
confidence interval) are given below.

Gradient = 0.0043 + 0.0001 V/°C

Intercept = 7.0368 + 0.0041V

Junction temperature at three different AC input voltages (110V, 120V & 130V) were
estimated using the calibration curve. At each input voltage the AC LED package was
tested at three different temperature settings (25°C, 50°C & 75°C). At each AC input
voltage and temperature combination three independent measurements were obtained.

All measurements were obtained in a random order.

The average of estimated T; at each input AC voltage and temperature combination for

sample 2 is given below in Table 23.
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25°C 50°C 75°C
110V 40.0°C | 67.1°C| 96.1°C
120V 45.9°C | 72.4°C | 101.2°C
130V 53.3°C | 81.0°C | 111.6°C

Table 23: Estimated Junction Temperature of sample 2

The optical power data for sample 2 is given in Table 24.

25°C 50°C 75°C
110V 0.160W | 0.160W | 0.157W
120V 0.197W | 0.195W | 0.189W
130V 0.237W | 0.229W | 0.217W

Table 24: Optical power of sample 2

The electric input power data is given in Table 25.

25°C 50°C 75°C
110V 1.72W | 1.88W | 2.04W
120V 2.55W | 2.77W | 2.98W
130V 3.62W | 3.90W | 4.18W

Table 25: Electric input power of sample 2

The thermal resistance of the AC LED package was calculated based on the formula
stated above. The average T; was used to calculate thermal resistance values. All the

thermal resistance values in Table 26 are in °C/W.

25°C 50°C 75°C
110V 8.0 8.8 10.7
120V 7.3 7.5 8.5
130V 6.6 7.0 8.1

Table 26: Thermal resistance of sample 2

F-test analysis shown in Table 27 demonstrates that both temperature and input AC
voltage has a significant influence on the thermal resistance. The variation of thermal
resistance with input voltage at different ambient temperatures is shown in Figure 38.

The statistical analysis shows that “If the ambient temperature surrounding the AC LED
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increases from 25°C to 75°C then the thermal resistance value will increase.” Therefore

hypothesis 3 is verified for sample 2.

The mean thermal resistance of sample 2 showed a decreasing trend when input voltage
increase from 110V to 130V. There is no significant difference between thermal
resistance values measured at 120V and 130V at high ambient temperatures. Therefore
the hypothesis, “If the input voltage to the AC LED increases from 110V to 130V then

the thermal resistance value will decrease” is only partially verified.

Type I
Sum of Mean
Source Squares df Square F Sig.
power 17.167 8.584 161.309 0.000
temp 15.109 7.555 144.607 0.000
power *
temp 1.958 4 0.490 26.022 0.000
Table 27: Results of F-test analysis for sample 2
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Figure 38: Variation of thermal resistance with input AC voltage for sample 2
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Appendix G: Uncertainty Analysis

Propagation of error formulas [58] was used to determine the standard deviation of the T;
measurement in the voltage drop method for AC LED measurement setup.
The standard deviation of a two variable function of the form Y = AX + BZ when X and

Z are the averages of two variables are given as,

1
S=7y V(A?S% + B2S2)

The standard deviation for a two variable function of the form, y = ; , when X and Z are

averages of the two variables is given as,

1 X
S:\/_NXE \/(

SZ S 7

X? Z 77

Where,

N — independent repeated measurements

S« — Standard deviation of x

S, — Standard deviation of z

The above formulas are generated with the assumption that X and Z are two independent
variables. If they are dependent and their covariance could be reliably determined then a

covariance term needs to be included in the formulas.

Voltage drop method for AC LED
Junction temperature is calculated using the calibration curve as follows,
¥ -0)
A ¢

Where,

Y - Voltage measured by applying the reference current pulse during synchronized AC
operation.

C- intercept of the calibration curve

K- gradient of the calibration curve
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Three repeated measures of Y were obtained at different input AC voltage and
temperature combinations, and to be conservative the situation where the highest
standard deviation of Y was observed, was used to determine the uncertainty.

Y =6.6979 + 0.00509V

C =7.0325 £ 0.0057V

K = -4.0+0.1 mV/°C

N=3

Using the above values and formulas the uncertainty of the voltage drop method for AC
LED measurement set up in estimating T; was estimated as 1.35°C. The formula for
thermal resistance is given as,

T, —T
Rg;p = ( ]Pnet ?)
Following values were used in the propagation of error formula (NIST, 2003).
T =70.3+1.4 °C
T, = 50.3+1.5°C (standard error of a J-type thermocouple)

Pphet = 2.85+0.01W (standard error of measurement instrument)

The standard deviation of the experiment set up that was used to measure thermal
resistance using voltage drop method for AC LED was 0.2°C/W. Therefore it could be
stated with 95% confidence that the thermal resistance value measured using the voltage
drop method using this set up for the GaN AC LED sample would be within 0.4°C/W of

its mean. This is approximately 5.5% of the measured value.

Rms current recovery method

A similar uncertainty analysis was performed for the rms current recovery method
measurement set up. The initial half cycle rms current vs. temperature graph in Figure 31
was used to determine the uncertainty of the recovered pin temperature. Even though the
T; 1s not directly measured using a calibration curve in this method, the uncertainty of
the recovered pin temperature is directly influenced by the uncertainty of the initial half

cycle rms current and current vs. temperature relationship of the AC LED.
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Y -0
=%

Where,

Y - steady state rms current

C — Intercept of the initial half cycle rms current vs. temperature curve

K — sensitivity of the rms current to temperature

For Y most conservative estimate was chosen by considering the average rms current
with the largest standard deviation. It is assumed that all parameters are independent.
Y=25.664+0.144 mA

C =22.004+0.308mA

K = 0.0669+ 0.0033mA/’C

Using the propagation of error formulas mentioned above it could be stated that the
estimated T; using this set up has a standard deviation of 2.3°C.
Thermal resistance is calculated as,

(Initial pin temperature — Recovered pin temperature)

Rorp =
0]-pP Thermal input power

Using similar propagation of error formulas above with following estimates of standard
deviations, the standard deviation of thermal resistance was determined.

Initial pin temperature = 65.8+1.5°C (standard uncertainty of a J-type thermocouple)
Recovered pin temperature = 56.9 + 2.3°C

Thermal input power = 2.5£0.01W

The standard deviation of the thermal resistance measurement in the rms current
recovery method measurement set up is 0.35°C/W. Therefore it could be stated with 95%
confidence that the thermal resistance measured in this set up for the GaN AC LED
sample would be within 0.7°C/W of its mean. This is approximately 10% of the

measured value.
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Peak wavelength shift method
The uncertainty analysis for the T; estimated using the peak wavelength shift method

yield following results.

-0
=%

Where,
Y- peak wavelength at steady state operation
C- intercept of the calibration curve

K — gradient of the calibration curve.

For Y, as the most conservative approach, the wavelength that showed the highest
standard deviation was chosen.

Y =621.49+0.254nm

C=615.58+0.31nm

K=0.140520.0059nm/’C

The standard deviation of the estimated T; in the peak wavelength measurement setup
was calculated as 1.4°C. Using this value the uncertainty of the overall thermal
resistance measurement can be calculated. The formula used to calculate thermal
resistance is given below.

(T) = Tp)

Rg;p = P
ne

T; = 42.0°C+1.4°°C
T, = 28.0°C+1.5°C (Standard error for J-type thermocouple)

Pret = 2.31£0.01W (Standard error for power measurement instrument)

The standard deviation of thermal resistance based on the above values is 0.25°C/W.
Therefore it could be stated with 95% confidence that thermal resistance measured using
peak wavelength shift method measurement setup for GaP sample would be within
0.5°C/W of its mean. This represents approximately 10% of the measured thermal

resistance of the GaP based AC LED package.
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