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Abstract— A precise measurement of optical power, for-
ward voltage, and junction temperature of light-emitting
diodes (LEDs) is the key for characterization and health
monitoring of these devices. In many cases, LED charac-
terization is carried out with relatively long (10 ms and
longer) pulses, that is, in conditions in which self-heating
can significantly impact measurement results. To overcome
this limitation, this article proposes a fast and versatile
measurement approach based on a specifically designed
current source, with a maximum current of about 1 A,
high stability (variations under 0.1%) and settling time
<20 us, and demonstrates its applicability to pulsed and
transient characterization of power LEDs. The proposed
system has the inherent advantages of 1) permitting a
fast pulsed characterization of the devices, which—as we
demonstrate—is much more accurate than quasipulsed
or dc analysis; 2) allowing isothermal characterization of
LEDs without requiring long settling times, with beneficial
impact on the throughput of LED characterization; 3) allow-
ing characterization of the voltage heating transient (during
constant current operation), which is the key for junction
temperature and thermal resistance extraction, as well as
for the development of compact models; 4) monitoring the
optical power during the self-heating transient; and 5) the
spectrum of the device providing additional information,
such as the peak-shift or the phosphor behavior. The effi-
cacy of the proposed approach has been demonstrated by
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testing commercial LEDs: the results clearly indicate that
a fast (<20 us) LED characterization is necessary for a
proper extraction of the main spectral parameters and of
the related temperature dependence.

Index Terms— Electro-optical characterization, light-
Emitting diodes (LEDs), optoelectronic devices, pho-
tothermal effects, self-heating, temperature measurement,
thermal analysis.

. INTRODUCTION

IGH-POWER optoelectronic devices, such as laser

diodes (LDs) and light-emitting diodes (LEDs), have
a huge potential application market in different fields, such
as high brightness illumination, streetlights, automotive, and
full-color displays [1], [2], [3]. The latest advancements in
the LED field led to steadily shrinking device packages and
ever-increasing operating current densities, thus exacerbating
self-heating effects. To ensure optimal efficiency and long
lifetime of LEDs, efficient thermal management is thus critical,
especially when these devices are employed in thermally
constrained environments [4], [5].

A first important step in device characterization is the
analysis of voltage and optical power self-heating transients
after turn-on. This is typically done through the analysis of
transients under constant current bias. In particular, voltage is
used as a temperature-sensitive parameter (TSP) with proper
calibration, and voltage transients can be directly converted
into temperature transients, thus permitting the accurate extrac-
tion of junction temperature (7;) and thermal resistance [6],
[7]. Analyzing the self-heating transients is of fundamental
importance for 1) extracting (from the behavior at + = 0)
information on the LED performance when the junction is
“cold” (i.e., before the self-heating transient), or at a specified
T;; 2) analyzing the variation in LED optical power induced
by self-heating (it is well known that LEDs show a consider-
able output power drop when subjected to self-heating); and
3) extrapolating through analysis of voltage transients and
related structure functions, the value of the thermal impedance.
At the current state of art, the heating transient analysis are per-
formed indirectly, by applying first a constant high current and
subsequently measuring the voltage transient during device
cooling, at lower current values [7], [8], [9], [10]. Thus, this
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procedure does not keep into consideration the heating effects
of the measuring current and does not allow the monitoring
of the optical and spectral characteristics of the device during
the self-heating phase.

In addition, a fast-current source is required also for elec-
trooptical and spectral measurements, which must be carried
out when LEDs are in the switched-ON state (CIE 127:2007).
Measurements are typically performed as in-line tests (CIE
226:2017) or laboratory tests (CIE 225:2017), with mea-
surement windows in the range of 10-100 ms (for in-line
testing) or even at dc (for laboratory testing). These times
are much longer than the heating transients of LEDs, making
isothermal characterization a time-consuming task. A faster
measurement methodology would substantially simplify LED
characterization by enabling the execution of pulsed measure-
ments during which the junction is at the same temperature
as the environment/base plate (iso-thermal), instead of wait-
ing for the execution of measurements in steady-state dc
regime.

Despite the importance of fast and accurate measurement
techniques for LED characterization, currently no commercial
instrument is able to provide a complete characterization of
the self-heating transients and fast spectral and electroopti-
cal measurements. Some recent works [6], [11], [12], [13],
[14] target to perform isothermal IVL characterizations, but
adopt time-consuming procedures, often combining different
dc measurements. Issues regarding the precision of the mea-
surement and of the current source, as well as the capability to
perform fast enough electrooptical characterization, limit the
performance of these methodologies.

Therefore, the aim of this article is to propose a mea-
surement methodology fully compatible with requirements
for the pulsed (iso-thermal) and transient characterization of
LEDs. This kind of analysis requires the design of a specific
measurement setup equipped with an accurate current sources,
capable of high current output (up to 1 A, for power LEDs),
high temporal stability in order to record the temperature
variations with high accuracy, and fast settling times (shorter
than LED self-heating transients [15]). Thanks to the use of
a feedback network based on an instrumentation amplifier
and a subtractor, the circuit is intrinsically immune to supply
voltage fluctuations and ensures temporal stability better than
0.1% over a long (more than 100 s) pulse generation interval.
After circuit design, simulation, and implementation, circuit
performance was evaluated in detail: tests carried out on
commercial blue, white, and red high-power LEDs show
the good quality of the measurement results essential for
a deeper analysis of the LED characteristics and reliability.
In particular, the developed setup is capable of performing a
characterization of the heating transient directly, at the desired
load current, and to also monitor the optical power transients
and the spectral variations. For white LEDs, the latter provide
useful information on phosphors behavior during early optical
transient, which has not been reported so far. Finally, the
setup also allows the extrapolation of the junction temperature
trend, exploiting the relation between T; and the device voltage
obtained by isothermal T;-V; measurements. Additional data
analysis can then be performed to derive the related structure

Vin

Fig. 1. Schematic representation of the voltage to current converter.
This circuit has an intrinsic sensitivity to the instability in supply voltage,
that is, addressed in the final implementation.

function, and thermal resistance, of the device under test
(DUT) [9], [16], [17].

[I. CURRENT SOURCE CIRCUIT
A. Circuit Operation

The first step to carry out the LED characterization is the
design of the specific current source. Recent reports [18], [19]
proposed designs of precision current sources; however, these
solutions are unsuitable for the high current levels required
for power LEDs. Other recent articles focus on high-speed
LED drivers working down to the nanosecond scale [20], [21],
[22], [23], but their application remains limited to pulsed test
of optoelectronic devices, without focusing on the long-term
analysis of the heating transients.

Specifications of the circuit implemented in this work are
1) output current of up to 1 A; 2) settling time of about
10-20 ws; and 3) high current stability, with a steady-state
fluctuation lower than 0.1%. To achieve this, we started by
investigating the approaches proposed in [18] and [19] that
deal with high-precision voltage-controlled current sources.
We decided to base our circuit on the voltage to current
converter (load branch) in Fig. 1. Here the output current
flowing through the DUT is set by controlling voltage across
the sensing resistor Rg. Neglecting parasitic resistance Rp, the
voltage across Rs is equal to Vps— Vi, where Vpg is the power
supply voltage and Vj, is the input voltage at the noninverting
input of operational amplifier Ul. Therefore, in steady-state
condition, the output current is defined as

Ves — Vi

Low = Ry . (1

In this circuit, Vpg is set at 10 V, Rg at 3.5 €, and
consequently Vi, is set according to the target range for I,y.

By changing the sensing resistance value, it is possible to
change the maximum set current and the current resolution of
the circuit. With the configuration in Fig. 1, it is possible to
achieve output currents ranging from 30 mA to about 1.3 A:
the maximum output current is obtained when the sum of the
LED, pMOS, and sensing resistance voltage is equal to 10 V,
that is, the supply voltage of the load branch. For a lower
maximum output current with higher setting resolution, it is
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Fig. 2. Schematic representation of the circuit. The differential feedback
allows to measure with variations under 0.1% the voltage across the
sensing resistance.

sufficient to increase the sensing resistance value, or vice versa
for the opposite case.

The simple voltage to current converter shown in Fig. 1 is
not well suited for the purpose of this work. In fact, feedback
for current control is based on the assumption that voltage on
the upper terminal of R; is equal to the power supply voltage
Vps. However, commercial power supply output voltage can
present oscillations of about 1%. Besides the output resistance
Rp is not zero, and at the high current levels drawn by the
circuit, it will have an impact on the voltage across Ry, and
thus on the output current I,,. For this reason, we opted
to include differential sensing, and a related feedback loop,
in order to control voltage across Ry.

To this aim, an instrumentation amplifier with unity gain
was added to the circuit to measure the voltage Vg, across the
sensing resistor Rg (see red dashed line in Fig. 2). We note
here that this stage alone is not sufficient to complete the
feedback loop. In fact, the positive input voltage applied to
the noninverting input of Ul is 10V — Vg, whereas the
voltage at the output of the instrumentation amplifier is equal
to Vgs. Therefore, a subtractor stage, whose role is to subtract
the measured Vg, from 10 V, was added in cascade to the
instrumentation amplifier (see green dashed line in Fig. 2).
The output of the subtractor is then fed to the inverting input
of the operational amplifier Ul to achieve an accurate control
of the output current Iqy.

We note that the adopted operational amplifier (the same
typology has been used for Ul and U5) has a compensated
frequency response: at unity gain, the magnitude of the gain
is flat till 1 MHz, has an overshoot above 1 MHz, and a gain
roll-off by >40 dB/dec above 20 MHz. When the operational
amplifier is used in the subtractor, with unity gain, the Bode
diagram of the magnitude of the gain shows a 3.5 dB overshoot
around 5 MHz [see Fig. 3(a)]. This leads to an underdamped
behavior that gives a 30% overshoot of step response of the
subtractor [see Fig. 3(b)]. This results in an overshoot of
the step response of the full circuit. To overcome this issue,
a single-pole compensation network (composed of R.,C.)
was added to the circuit (see Fig. 2), in order to smoothen the
response and avoid current spikes and instabilities that may
be detrimental to the DUT. The choice of the optimal values
has been done through analysis of the frequency response of
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Fig. 3.  (a) Bode diagram of the subtractor stage around 1 MHz.

(b) Unitary step response of the subtractor. (c) Simulated frequency
response of the circuit with and without the compensation net. The
introduction of the single pole allows an attenuation at high frequencies.

the components, which were carried out through the study
of the datasheets and simulation analysis. We used LTspice
with the correct model of the op-amps and of the MOSFET
adopted in the circuit. Fig. 3(c) reports the frequency response
of the whole circuit before and after the compensation. As can
be noticed, the adopted compensation network effectively
eliminates the overshoot in the frequency response. Besides the
choice of the compensation values has been rather conservative
to obtained a damped response and avoid current overshoot
that could affect the following analysis.

B. Circuit Implementation

For our testing purposes, the input voltage of the circuit can
be driven by an arbitrary waveform generator (AWG), whereas
the = 15 V supply voltage for the amplifiers and the 10 V
supply for the load were provided by laboratory-grade power
supplies.

The specific choice of components was driven by the func-
tional requirements of the circuit. In particular, the operational
amplifiers need a high slew rate, over 200 V/us to ensure
fast circuit response, whereas the pMOS has to reach high
current levels without significant self-heating. The operational
amplifier chosen for Ul has a slew rate of 400 V/us and a
fast settling time of 230 ns for a 10 V step in addition to an
output swing of £ 13 V under high load conditions. A further
critical aspect is the self-heating of the sensing resistor during
operation that may generate an unwanted variation of the
output current. To overcome this issue, the sensing resistor
was engineered as the parallel between three 10 W resistors,
each with a value of 10 Q. Our tests, carried out by imposing
a 1 A constant current to the developed resistor network, and
measuring the corresponding voltage, indicate a high stability
of the resistance value (variations under the 1%o0) over several
hours (graph not shown for brevity).

We initially simulated the circuit in LTspice and then
implemented it on PCB. In Fig. 4, we report a comparison
between the voltage and current output of the circuit obtained
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Fig. 4. Comparison of the transient response of the voltage and feedback configuration implemented in this article. The data have been

current between the simulated circuit by LTspice (dashed line) and the
implemented circuit on PCB (measured line).

through simulations and by measurements on the implemented
circuit: a great similarity with the expected results can be
observed. Once the falling edge of the input voltage pulse
(black line) gives the start to the current source, the current
and voltage signals of a 630 nm LED are measured. The slight
delay of the voltage and current turn-on with respect to the
falling edge of the input pulse is due to the charge of the
compensation capacitor C. and depends on the amplitude of
the input pulse. This delay does not represent an issue, since
for pulsed and transient measurements, the signal recording
is synchronized with the rise of the LED voltage through a
proper triggering sequence.

It can be observed that the output current (~1.2 A) reaches
its steady-state value in about 15 us: the overall speed of
the circuit depends on the integrated components adopted and
on the compensation network. In particular, the integrated
instrumentation amplifier included in the circuit exhibits a slow
slew rate that decreases the settling time. Another possible
solution is to implement this stage with discrete components,
featuring faster operational amplifiers, or to reduce the settling
time by modifying the compensation network but allowing the
presence of a slight overshoot in the transient response.

1. SENSITIVITY OF THE CIRCUIT
A. Optimization of Line Regulation

As mentioned in Section II, the output current has a
strong dependence on the voltage across the sensing resistor.
To ensure a high precision of the voltage across this resistor,
we implemented the feedback circuit based on differential
sensing, constituted by the instrumentation amplifier and by
the subtractor. The stability of the steady-state output current
as a function of the power supply voltage (line regulation) with
and without this differential sensing is reported in Fig. 5.

As can be noticed, in the circuit without the differential
feedback, the voltage variation of the power supply results
in a significative deviation of the actual output current from
the targeted one (about 7% versus a variation of 2% in the
power supply voltage). By adopting the differential sensing
solution, we were able to compensate this issue, making the
output current independent of variations of the power supply
voltage. These results confirm the effectiveness of the adopted
approach.

measured after implementing both circuit topologies.
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Fig. 6. Analysis of the load sensitivity of the circuit. The impedance of
the load is varied by changing high-power LED. (a) Current waveform
remains unchanged. (b) Load voltage scales with the LED under test.

B. Sensitivity to Load

Sensitivity to the load impedance was also evaluated. To this
aim, we tested the circuit with four different high-power LEDs
(blue, white, green, and red) as load bias at 800 mA. In Fig. 6,
we can observe that the load voltage scales as expected are
with varying LED typology [Fig. 6(b)], whereas the current
waveform remains constant [Fig. 6(a)], indicating the good
performance of the circuit.

IV. ANALYSIS OF TRANSIENTS

The first main goal of the circuit proposed in this work
is to allow the measurement of self-heating transients of
optoelectronics devices. The measurement is based on the
analysis of the voltage transients generated by a step in the
LED current [17], [24], [25]. Assuming a 1-D heat flow,
device self-heating leads to a decrease in the operating voltage,
with several time constants which are related to the individual
thermal interfaces within the LED structure. From a voltage
transient measurement, it is thus possible to extrapolate the
cumulative thermal capacitance and resistance toward the heat
source, as seen from a specific point of the structure [17],
[26]. We note here that in the latest thermal testing stan-
dards JESD 51-5x from JEDEC [27], this thermal transient
characterization is performed indirectly by considering cooling
transients [28], [29], [30] (instead of the heating transient) due
to the lack of suitable instrumentation to carry out reliable
measurements of the heating transients. The methodology
proposed in this article can overcome this limitation, thus
allowing to evaluate LED heating transients. Besides we note
here an additional advantage of the possibility to record the
whole heating transients of the optical emission: this allows us
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Fig. 7. Transient measurement of the current, voltage, and optical
power on a blue LED biased at about 800 mA. It is possible to observe
the decreasing trends of the voltage and optical power due to the
self-heating of the device. The dot lines indicate the time positions of
IVL measurements windows. Their width changes as a function of the
sample rate adopted in the measurement interval.

to monitor the trend variation with also particular attention to
the phosphors behavior and their heating in white LEDs [31].
All this information would not be available with the traditional
characterization technique.

To test the implemented circuit, we analyzed a high-power
450 nm LED mounted on a heat sink. The measurement
records the current, voltage, and optical power transients
up to 10 s by means of a Tektronix MSO44 oscilloscope
and a photodetector PDA10A-EC and results are graphed
on a semilogarithmic scale. Three measurements have been
executed with different time resolutions to measure a wide
time-window, from the pus to the 10 s range after LED voltage
turn on.

As shown in Fig. 7, the current reaches its steady-state value
within 20 us (red dashed line): we consider all the transients
are completed after this time, that is, we consider that all
voltage and OP measurements are carried out in a constant-
current condition. We note here that—in such a wide time
frame—the current exhibits a high stability, with fluctuations
well below 1%0. The optical power and voltage transients (the
blue and red curves, respectively) exhibit a decreasing trend,
due to the device heating, and it is possible to distinguish
different intervals, featuring different time constants, which
are of fundamental importance for the creation of the thermal
model. Considering that 7; and the forward voltage of the
device are directly linked [32], the data shows that the device
starts to heat already after a few us from the start as we
can clearly observe in the graph looking at the voltage trend.
In fact, the current, plotted with a high resolution around its
steady-state value, reaches high levels before 20 us, starting
to heat the device and decreasing its voltage already from
6 s after the turn-on. Finally, we note here that optical power
is almost stable in the first 100 us of operation: a pulsed
characterization carried out in this time range can then provide
a reliable iso-thermal reading of device properties.

V. PULSED I-V-L MEASUREMENTS

By repeating the transient measurements described above
at different current levels, one can obtain the current-voltage

0.9
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Fig. 8. (a) Current-voltage and (b) optical power-current characteristics
as a function of the delay after the turn on of the LED.

(I —V) and the optical power-current (L —I) characteristics as
a function of the delay from the LED turn-on time. We refer
to this as “turn-on time” the instant when the diode reaches its
forward knee voltage (about 2.4-2.6 V for a blue/white LED)
and thus starts conducting a reasonable amount of current.
We also define this as “delay,” the time passed after this
instant. Measurements were carried out for currents ranging
from 30 to 850 mA, with an arbitrary step of about 30 mA.
After a pre-determined delay, the signals are averaged within
a time window sufficiently narrow to avoid significant signal
variations within each of them (the time positions of these
windows are indicated by the dotted lines in Fig. 7). Results
are illustrated in Fig. 8, where it is possible to observe the
reconstructed I — V and L — I characteristics as functions
of the delay after the turn-on time. It is clear that, especially
at high currents, the operating voltage of the device decreases
with increasing delay due to the bandgap narrowing caused by
the self-heating [33], [34]. Similarly, a corresponding decrease
in the optical power emission can also be observed at high cur-
rent [35] due to the increase in the rate of loss processes (such
as Shockley—Read—Hall recombination and carrier escape) at
higher junction temperatures. This highlights the importance
of carrying out pulsed characterization measurements in order
to avoid the heating effect. Since most electrooptical properties
of LEDs are strongly related to the 7; of the LED chip,
it is fundamental to perform isothermal measurements and
accurately determine the 7 value in order to have a correct
interpretation of the device behavior [6].

VI. TJ ESTIMATION

To quantify the increase in 7; during the self-heating
transients, it is possible to extrapolate a relation between T
and the device voltage, at a given bias current [32], [36]. The
procedure consists of repeating the transient measurements at
different device temperatures (in our case, the mount temper-
ature was controlled by a TEC). Assuming that before the
self-heating procedure, the junction temperature is equal to the
baseplate temperature, it is possible to derive the dependence
of device voltage on junction temperature from the very first
part of measured voltage transient. Fig. 9 shows the voltage
transients of a white high-power commercial LED recorded
at different temperatures at 1 A, and the inset reports the
relation between 7; and the device voltage extrapolated from
the transients. The latter follows an exponential trend that can
be fit with a good accuracy. Therefore, it is possible to plot
the 7 trend (dashed line) during heating transient at 25 °C,
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In particular, the steady-state value of the LED voltage allows
us to extract the T after heating. It is interesting to observe
an increase of about 40 °C in 1 s.

VIl. SPECTRAL MEASUREMENTS

Self-heating can also impact on the spectral characteristics
of the devices. To evaluate this aspect, a first measurement of
the power spectral densities of a high-power LED, emitting
at about 630 nm, respectively, was carried out by an Ocean
Optics USB4000 spectrometer. Measurements were carried out
at different current levels, ranging from 50 mA to 1.05 A,
and in two different conditions, dc and pulsed current. Pulsed
measurements were performed with a pulsewidth of 30 us
and a period of 1 ms to keep a low duty cycle (3%) and
minimize self-heating. The minimum integration time of the
spectrometer was set to 30 ms to acquire a sufficient number
of periods, thus ensuring adequate measurement uncertainty,
since the obtained spectra is the average of all the acquisitions.

Fig. 10(a) shows the peak wavelength versus current rela-
tion of the spectra acquired by performing the measurements
in continuous and pulsed condition. One can notice that for a
red LED [Fig. 10(a)], a red shift of the emission prevails at
increasing current. Additionally, this trend is more pronounced
for the continuous measurement, leading to a 5.5 nm red
shift: this is in line with expectations, since in the pulsed
case, the lower self-heating strongly reduces the red-shift
associated with the increase in junction temperature [37], that
is amere 0.5 nm. In Fig. 10(b), the full width at half maximum
(FWHM) of the red spectra are compared under continuous
and pulsed current. It can be noticed that there is a larger
variation under continuous current (4 nm) than with pulsed
measurement (2 nm).

Nevertheless, contrary to existing systems, this current
source—coordinated with a fast spectrometer with external
triggering—allows to perform spectral measurements during

560 580 600 620 640 660 680 700 720
Wavelength (nm)

Fig. 11.  Spectrum of a high-power red LED at exponentially spaced

intervals during the heating transient in logarithmical scale. The inset

represents the normalized optical power emission as function of the
heating time.

the heating transient in a single acquisition. The fast spec-
trometer that we selected allows to perform the measurements
with an integration time of 10 us. Thus, the first spectrum
available is only after a 20 us current pulse, (10 us for
the settling time and the other 10 ws for the spectrum
acquisition). By repeating the measurement at exponentially
spaced intervals during the whole transient, it is possible to
record the trend of the whole emission spectrum during the
device self-heating. This provides useful information, such as
the wavelength peak variation or the phosphors behavior, that
would not be available with the only optical transients recorded
by a photodetector.

We note here that such analysis requires a fast circuit and a
fast spectrometer; a similar study could not be done by using
a fast circuit and a photodiode. In fact, the gain function of
commercial photodiodes is not flat, but varies as a function
of the wavelength. This can lead to artifacts in the optical
transient (such as increase in the emission due to variation in
the wavelength peak during the heating). The characterization
by means of spectral measurements overcomes these issues
providing the correct trend. Thus, this system provides a
fast-spectral characterization during a single heating transient.
In Fig. 11, we report an example of spectrum acquisition
during a heating transient of a high-power red LED.

VIII. CONCLUSION

In this study, we presented a measurement system for
the transient and pulsed characterization of power LEDs
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and diodes that allow to measure the electrical, optical, and
spectral performance of the devices by means of short (20 us)
current pulses in iso-thermal conditions. This is a significant
advancement with respect to state-of-the-art LED qualification
measurements, which mainly work either with pulses longer
than 10-100 ms, or in dc conditions. In addition, the system
allows to generate a constant current over several decades of
time from 20 us to 100 s and beyond, with good temporal
stability (<0.1%). This is ideal for the characterization of the
self-heating transients and the evaluation of LED thermal resis-
tance. The proposed setup and approach have been validated
through the characterization of commercially available LEDs.
We presented the detailed results of the impact of the delay
from the turn-on of the electrical and optical performance of
the devices. The results highlight the importance of pulsed
measurements for LED characterization, both in terms of
spectral properties (such as peak wavelength, radiant power,
linewidth) and of electrical parameters. Furthermore, it pro-
vides a powerful tool for a complete analysis of the heating
transients of voltage and optical emission and the extrapolation
of the structure function of the device [17], useful for reliabil-
ity investigation [38] or for diagnostic aims [39] in the lighting
industry. In fact, the study of the thermal impedance allows
to identify the critical layers of the overall device structure,
including the package [40]. The approach proposed within
this article can be used to advance the state of the art on
visible LED characterization, both at laboratory and industrial
levels. With minor adaptations, it can also be exploited for
other optoelectronic and microelectronics devices, such as UV
LEDs [41], laser, and high-power diodes.
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