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Abstract
The mean photon energy of a light‐emitting diode (LED) as recently defined in the IEC
standard is theoretically examined. It is pointed out that defining the mean photon energy
as an arithmetic mean of photon energies in the emission spectrum is crucial in
decomposing the power efficiency of an LED into the voltage efficiency and the external
quantum efficiency (EQE). The mean photon energy thus defined and the photon energy
calculated from the more convenient peak wavelength in the spectrum are then evaluated
and compared for blue and red LED samples. The EQEs of the blue and red LEDs are
subsequently obtained, demonstrating that the EQE values from the peak photon energy
have small errors within 0.5%p of the true EQE values. The current work presents useful
criteria in substituting the EQE value calculated from the peak wavelength for the true
EQE value using the mean photon energy for both the blue and red LEDs.

1 | INTRODUCTION

A light‐emitting diode (LED) emits a broad spectrum of light
spanning tens of nanometres by spontaneous emission via
recombination of electrons in the conduction band and holes
in the valence band [1–3]. Owing to the broad spectrum,
defining the mean photon energy of light emitted from an
LED is a non‐trivial matter. By defining the mean photon
energy of light emitted from an LED, various LED efficiencies
can be systematically defined [4].

The power efficiency (PE), sometimes referred to as the
wall‐plug efficiency, is the efficiency of the utmost impor-
tance that characterises an optoelectronic device, such as the
LED. The PE indicates how much the input electrical power
is converted to the output radiant (or optical) power. Since
the spectrum of light emitted from an LED is broad, one
needs to integrate the whole spectrum of radiant power,
typically employing an integrating sphere. Once the light‐
current‐voltage (L‐I‐V ) characteristics of the device are
measured, evaluating the PE of an LED is a straightforward
matter.

On the other hand, other efficiencies, such as quantum
efficiencies, involve the comparisons of particle numbers [4, 5].
In the case of LEDs, one compares the emitted photon
number with the injected carrier (electron) number. In
counting the photons emitted from an LED, it is essential to
consider the broad spectrum. So far, the counting of photons
and the definition of the mean (average) photon energy
emitted from an LED have been mostly neglected. For
example, in ref. [1], definitions of the internal quantum effi-
ciency (IQE) and the external quantum efficiency (EQE) only
mention the photon energy, not the mean photon energy,
ignoring the spectral distribution of the radiant power from an
LED. Recently, a new IEC standard has been published to
define the various LED efficiencies, including the quantum
efficiencies, and the mean photon energy essential in evaluating
the quantum efficiencies [6]. At the moment, careful consid-
erations of the theoretical background of the issue are rarely
found in the literature.

Therefore, in this work, we intend to fill the gap in the
literature, examining the definition of the mean photon en-
ergy in relation to the spectrum with the consideration of the
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probability of finding a photon at a particular wavelength
interval in the given LED spectrum. We also relate how the
mean photon energy is utilised in the definition of the EQE.
It is pointed out for the first time that only by defining the
mean photon energy as an arithmetic mean of the photon
energies in the spectrum, the PE can be decomposed into the
voltage efficiency (VE) and the EQE. As the EQE can be
further decomposed into the IQE and the light‐extraction
efficiency [4], leading to the decomposition of various fac-
tors determining the LED performance [7, 8], the theoretical
foundation set up in this work is of critical importance in the
systematic understanding of an LED as an optoelectronic
device.

Next, utilising the blue and red LED samples, it is exper-
imentally demonstrated how the mean photon energies and
EQEs are evaluated. Since the evaluation of the mean photon
energy involves the integration of the emission spectrum, the
photon energy from the peak wavelength of the spectrum is
sometimes used for convenience. Thus, the errors involved in
using the peak wavelengths to evaluate the EQEs are also
investigated. Subtle differences between the blue and red
LEDs, caused by the different shapes of the spectrum, are also
discussed.

2 | DEFINITION OF THE MEAN
PHOTON ENERGY

In defining the mean photon energy, one needs to consider the
probability of finding the photon in an infinitesimal frequency
interval between ν and νþ dν of the emission spectrum,
which is denoted by PνðνÞdν. Then, the mean photon energy
hν is defined as an arithmetic mean by multiplying the photon
energy hν with the probability of finding that photon and
integrating over the entire frequency range:

hν¼
Z

hνPνðνÞdν; ð1Þ

where h is the Planck constant. Since the spectrum is often
expressed as a function of the wavelength λ, Equation (1) is
rewritten in terms of wavelength:

hν¼
Z

hc
λ
PλðλÞdλ; ð2Þ

where PλðλÞdλ denotes the probability of finding a photon at
an infinitesimal wavelength interval between λ and λ þ dλ.
Here, c is the speed of light in vacuum and the relation c ¼ νλ
is used.

The radiant power from an LED, Φe, has a spectral dis-
tribution as a function of the wavelength, which is denoted as
Φe;λðλÞ, that is, Φe;λðλÞ ¼ dΦeðλÞ

dλ . The radiant power from the
LED is obtained by integrating the spectral distribution over
the entire wavelength range, that is,

Φe ¼

Z

Φe;λðλÞdλ: ð3Þ

With the spectral distribution Φe;λðλÞ, the probability of
finding a photon between λ and λþ dλ is given as follows:

PλðλÞdλ¼
Φe;λðλÞ
hc=λ dλ
R Φe;λðλÞ

hc=λ dλ
; ð4Þ

since Φe;λðλÞ
hc=λ dλ represents the number of photons emitted per

unit time in an infinitesimal interval between λ and λ þ dλ.
The integrated quantity in the denominator,

R Φe;λðλÞ
hc=λ dλ, is the

total number of photons emitted from an LED per unit time.
Now, by putting Equation (4) into Equation (2), one ob-

tains the definition of the mean photon energy as an arithmetic
mean:

hν¼
Φe

R Φe;λðλÞ
hc=λ dλ

: ð5Þ

This definition is equivalent to the radiant power divided by
the total number of photons emitted by the LED per unit time.
Equation (5) can also be written as

hν¼
hcΦeR

λΦe;λðλÞdλ
: ð6Þ

The denominator in Equation (6) contains a quantity called
the centroid wavelength, λc [9], also known as the spectral
centroid, which is defined by

λc ¼
R

λΦe;λðλÞdλ
Φe

: ð7Þ

Using the definition of the centroid wavelength λc, the mean
photon energy can also be written as

hν¼
hc
λc
: ð8Þ

While the centroid wavelength can be calculated in an
integrating‐sphere system, the importance of the centroid
wavelength has often been neglected in the LED community,
unlike the dominant wavelength that is measured more
frequently. The centroid wavelength calculated in the
integrating‐sphere system is typically prone to errors when the
spectrum contains high background noise as encountered
during the measurement at a low injection current.

The EQE, ηEQE, which evaluates the total number of
photons emitted from an LED per unit time with respect to
the number of electrons injected into the LED per unit time
[4, 6], can be written as
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ηEQE ¼

R Φe;λðλÞ
hc=λ dλ

I
q

; ð9Þ

where I is the injection current and q is the elementary charge.
The denominator I/q then represents the number of electrons
injected into the LED per unit time. Using the mean photon
energy as defined in Equation (5), the EQE is written as
follows:

ηEQE ¼
Φe=hν
I=q

: ð10Þ

Now, the VE, ηVE, is defined as the mean photon energy
hν emitted from the LED with respect to the electrical energy
qV supplied from the power source, where V is the applied
voltage [4, 6], that is,

ηVE ¼
hν
qV

: ð11Þ

Then, the PE can be expressed as a product of the VE and the
EQE:

ηPE ≡
Φe

V ⋅ I
¼ ηVE ⋅ ηEQE: ð12Þ

One can see the importance of the mean photon energy
in connecting the VE and the EQE as seen in Equa-
tions (10) and (11). The definition of the mean photon
energy given in Equation (5) is crucial in decomposing the
PE into its constituent efficiencies, the VE and the EQE
[Equation (12)].

3 | EXPERIMENTS

To evaluate the mean photon energy by Equation (5) and
subsequently the EQE values by Equation (10), we utilised
two commercial LED samples, namely a GaN‐based blue
LED (chip size: 1160 � 650 μm2) and a GaAs‐based red
LED (chip size: 940 � 940 μm2). The radiant power from
the LED was measured by an integrating sphere (Instru-
ment Systems ISP 500) while the injection current to the
LED was supplied by a Keithley 2601 source metre in the
pulse mode (period: 1000 ms, duty cycle: 1%). Being
commercial samples, the detailed epitaxial structures of the
samples were unknown. However, the optoelectronic per-
formances including the L‐I‐V characteristics and the
spectra were considered typical for the blue and red LEDs,
respectively.

Figure 1a,b shows the measured spectra of both the
blue and red LED samples. The spectra shown in Figure 1
represent the typical characteristics of blue and red LEDs
based on different material systems [2]. The spectrum of
the blue LED shown in Figure 1a has a longer tail on the

long‐wavelength (low‐energy) side from the peak, while that
of the red LED in Figure 1b shows the opposite trend.
Judging from the typical optoelectronic performances, for
the blue LED, a very large piezoelectric field in the quan-
tum well (QW) and the local potential fluctuation are
considered playing roles on the longer tail on the long‐
wavelength side [10, 11]. On the other hand, for the red
LED, relatively low barrier height in the QW seems to
cause the longer tail in the short‐wavelength (high‐energy)
side in the spectrum [2]. This difference in the spectral
shape of the LED causes the centroid wavelengths, calcu-
lated by Equation (7), related to the mean photon energies,
to be located at the opposite sides from the peaks: For the
blue LED, the centroid wavelength (λc = 449.44 nm) is

F I GURE 1 Emission spectra from (a) blue and (b) red light‐emitting
diode samples at 150 mA. Both the peak wavelength λp and the centroid
wavelength λc are shown.
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located at the long‐wavelength side from the peak wave-
length (λp = 447.52 nm), while for the red LED, it is
located on the short‐wavelength side (λc = 615.88 nm) from
the peak wavelength (λp = 618.03 nm).

Figure 2a,b depicts the mean photon energies as func-
tions of current density, evaluated from the spectra by using
Equation (5) for blue and red LEDs. Also shown in Figure 2
are the peak photon energies, that is, the photon energies
evaluated from the peak wavelengths (hc=λp). It is seen in
Figure 2a that for the blue LED, both the mean photon
energy and the peak photon energy show a blueshift with the
current density, which is mainly the consequence of the
piezoelectric‐field screening by the injected charge carriers
and the subsequent quantum‐energy shift, a phenomenon

called the quantum‐confined Stark effect [12]. The mean
photon energy in Figure 2a is consistently smaller than the
peak photon energy, whose differences are kept almost
constant at ~14 meV. On the other hand, the photon en-
ergies for red LEDs in Figure 2b show a slight redshift with
the current density, mainly caused by the bandgap narrowing
due to the heat generation from the injected charge carriers.
Contrary to the blue LED case, the mean photon energy of
the red LED in Figure 2b is consistently larger than the peak
photon energy and the differences are smaller than that of
the blue LED at ~8 meV.

F I GURE 2 Mean and peak photon energies as functions of current
density for (a) blue and (b) red light‐emitting diodes

F I GURE 3 EQE values as functions of current density for (a) blue
and (b) red LEDs. EQE, external quantum efficiency; LED, light‐emitting
diode
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This difference between the peak photon energy and the
mean photon energy leads to the EQE values being
different depending on the energies used. For its simplicity
and ease of use without any integration, the peak photon
energy is often used in the LED community. However, for
more accurate evaluation, the mean photon energy must be
used. Shown in Figure 3a,b are the EQE values evaluated
for blue and red LEDs with the mean and peak photon
energies. The EQE of the blue LED shown in Figure 3a
demonstrates that using the peak photon energy un-
derestimates the EQE value over all current densities. The
maximum EQE value of the blue LED sample is under-
estimated by 0.23%p. On the other hand, in the case of the
red LED as depicted in Figure 3b, using the peak photon
energy tends to overestimate the EQE over all current
ranges. The maximum EQE value of the red LED sample
is overestimated by 0.05%p. Although the general trends are
different in terms of under‐ and overestimating, the errors
involved with using the peak photon energy instead of the
more accurate mean photon energy are consistently smaller
than 0.5%p. Table 1 summarises the results of the mean
and peak photon energies at maximum EQEs and the
subsequent EQE values using the respective photon energy
values for blue and red LEDs. While the current study used
only a limited number of LED samples, the cases consid-
ered here give a clear idea about whether replacing the
mean photon energy with the peak photon energy under‐
or overestimates the EQE depending on blue/red LEDs
and the error levels involved with the replacement.

4 | CONCLUSION

We have theoretically examined how the mean photon en-
ergy is defined for the broad spectrum of an LED. Only
when the mean photon energy is defined as the arithmetic
mean of photon energies in the emission spectrum, the PE
can be decomposed into the VE and the EQE. It has been
demonstrated how the mean photon energy and the peak
photon energy differ from each other for blue and red
LEDs. In case of the blue LED, replacing the mean photon
energy with the peak photon energy typically underestimates
the EQE, while the trend is opposite for the red LED,
which is caused by the difference in emission spectra.
Although the precise evaluation of the EQE requires an
integration over the entire spectrum to obtain the mean
photon energy, one can replace the mean photon energy

with the peak photon energy with relatively small errors
involved. The current work can serve as a useful guide
when evaluating the EQE of blue or red LEDs for possible
errors associated with using the peak photon energy instead
of the mean photon energy.
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