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In this study, the temperature influence on the spectral responsivity of a Light Emitting Diode (LED) used
as a photoreceptor, combined to light source spectrum is correlated to electrical characteristics in order
to propose an alternative method to estimate LED junction temperature, regardless of the absolute illu-
mination intensity and based on the direct correlation between the integral of the product of two optical
spectra and the photo-generated currents. A laboratory test bench for experimental optical measure-
ments has been set in order to enable any characterizing of photoelectric devices in terms of spectral
behaviour, in a wavelength range placed between 400-1000 nm, and of current-voltage characteristics
as function of temperature by using two different illumination sources. The temperature is analysed in
arange from 5°C up to 85°C, so as to evaluate thermal variation effects on the sensor performance. The
photo-generated current of two LEDs with different peak wavelengths has been studied. Research has
observed and mathematically analysed what follows: since the photo-generated current strictly depends
on the combination between the spectral response of the photoreceptor and the lighting source response,
it becomes possible to estimate indirectly the junction temperature of the LEDs by considering the ratio
between the photogenerated currents obtained by using two different illumination sources. Such results
may for one thing increase knowledge in the fields where LEDs are used as photo-detectors for many
applications and for another, they could be extended to generic photodetectors, thus providing useful
information in photovoltaic field, for instance.

© 2018 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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1. Introduction As we know, there is a significant dependence of the bandgap

energy in semiconductor on junction temperature T: as tempera-

When aiming at increasing the photoreceptor performance,
such as a solar cell, it is important to study the impact of tem-
perature on the generated photocurrent [1-3], together with the
spectral response changes [4-8]. Since 1980s, some researchers
[9,10] have investigated in this field, in order to determine the
dominant factors influencing efficiency at elevated temperatures
[11,12]. It is noted that the more the temperature increases, the
more the short circuit current density (J.) grows [4-8] and the-
oretical models have been developed to support this dependence
[8,13,14].
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ture increases, bandgap energy decreases, producing both a shift of
the emission and absorption spectra towards higher wavelenghts
(lower energy) [6].

Actually, a complete characterization of the photo-detector’s
behaviour should take into account the source optical spectra and
the absorption spectra as temperature functions.

This paper presents results on the characterization of photo-
detectors, by considering the different matching between source
and absorption spectra as the receiver’s temperature changes. A
practical solution to carry out the study has focussed on using Light
Emitting Diodes (LEDs) as a bandwidth-limited photo-detector.
Their narrow absorption bandwidth [15-17] combined with the
different wavelength ranges has allowed selecting different mutual
overlaps between source and absorption spectra.

In literature, studying LED as a photoreceptor had initially
a very limited scope, namely characterizing the dependence of
junction temperature on the internal efficiency [18] in order to
investigate materials for LED construction, thus increasing optical
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Fig. 1. Scheme of the measurement bench for inverse spectral and electrical LED characterization. The green and black blocks are involved in the spectral characterization,

while the blue and black blocks in the electrical characterization.

performances [19-22] or when exploiting LED as a sun photome-
ter [23-27]. On the other hand, recently, the dual LEDs functioning
has been largely analysed and exploited within many other new
and interesting applications [28-32], such as two-way communi-
cation systems [33-35], as colour sensing and illumination devices,
as photo-detector in the biomedical field [36,37], and also as field
radiometers [38,39].

The current study presents results which may improve knowl-
edge in this emerging field; moreover, it provides the user with a
full characterization of LEDs’ inverse functioning that is not avail-
able in the technical paperwork.

A complete test bench has been set in order to perform, at the
same time, spectral and electrical characterization of the optical
devices used as light detectors, as temperature changes.

Two different LED models have been analysed to measure
absorption spectra and current-voltage characteristics in the fourth
quadrant, at five different temperature values and with two differ-
ent light sources.

Junction temperature is one of the key parameters in LED
applications and it has been extensively studied in literature. In
particular, in Ref. [40] the junction temperature has been evaluated
by measuring the LED inverse current. In this work a novel method
to evaluate LED junction temperature is suggested. LED junction
temperature has been estimated by measuring a short circuit pho-
tocurrent ratio measured on the analysed device and illuminated
by two different sources. This technique allows for temperature
assessment regardless of the source’s illumination intensity.

2. Materials and methods
2.1. LED spectral characterization

Authors have spent their efforts to define an experimental mea-
surement system able of performing repeatable, representative and
reliable measurements, where multiple parameters can be con-
trolled and varied at once. As to the inverse characterization, an
appropriate measurement bench, schematically reported in Fig. 1,
has been set. The green and black blocks in the measurement chain
of the Fig.1 represent the instrumental components used to analyse
the absorption spectrum of the LED employed as a photoreceptor.
The optical equipment consists of:

1 Awide spectrum halo source, Philips 7027, with a nominal power
of 50 W;

2 A monochromator (Optometrics LLC DMC1-03) with a range of
300-850 nm that selects a narrow (3 nm at -3 dB) spectrum light,
which is guided, through an optical fiber bundle, towards LED
to be characterized. In this experimentation the monochromator
range has been modified to enlarge its wavelength range up to
1000 nm;

3 A6.5digit Multimeter Agilent 34410 A which allows for any mea-
suring of voltage or current with high accuracy;

4 A Peltier cell performing a temperature control from 5°C up
to 85°C and allowing for the analysis of the LED behaviour at
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Fig. 2. Absorption normalized spectra at different temperature values for red LED (LR H9GP on the left) and LED (SFH 4725S on the right). As temperature increases, the

spectrum shifts towards longer wavelengths.

different temperature levels. A software-dedicated PC interface
controls the cell settings;

5 The spectrometer Hamamatsu C183CAH having a wavelength
range of 400-1000 nm is used to acquire and analyse the light,
guided into it through an optical fiber.

Each monochromatic light selected by means of the monochro-
mator is carried, through a bifurcated fiber bundle, both to the
DUT and into the spectrometer which evaluates the relative power
spectral distribution. The photogenerated current at the output of
the DUT is measured by multimeter. Data coming out from the
multimeter and from the spectrometer are managed, saved and
processed by a dedicated software, developed in Matlab environ-
ment in order to reconstruct the absorption spectrum.

All the measurements have been executed on an optical table
(PTM11108, Thorlabs Inc., New Jersey, USA).

2.2. LED electrical characterization

Measurements of current-voltage (I-V) characteristics have
been carried out on the basis of the same diagram shown in Fig. 1,
but in this case, the used instrumentation is represented by the
blue and black blocks and, as it is shown, the illumination of the
LED is performed by directly using wide spectrum sources. The set
up allows for the measurement of the Device Under Test (DUT)
characteristics in all functioning quadrants, regardless of the used
load. For each constant voltage level, generated by Agilent 331200A,
the corresponding device current output is measured through the
multimeter and curves are acquired in Matlab environment on PC.
Data acquisition by multimeter and software commands are syn-
chronous. In the context of current study, measurements have been
limited to the fourth quadrant, where the diode has a photovoltaic
behaviour. The reason is grounded on what follows:

- the chosen LEDs present a diode for reverse-voltage protection,
thus preventing a full characterisation due to reverse bias;

- all the data needed for the electrical analysis (short circuit pho-
tocurrents) are included in the fourth quadrant.

Two different measurement campaigns have been performed,
with two different light sources. The first (source N.1) was a halogen
lamp with 150 W power (Crouse Hinds 2011, USA), equipped with
a dichroic lens which reduces strongly the reflected InfraRed (IR)

light components; while the second (source N.2) was a wide spec-
trum halo source with a power of 60 W (Zeiss 380018, Germany).

For each measurements set, the current (I) and the voltage
(V) values have been acquired at five different temperature val-
ues of: 5°C, 25°C, 45°C, 65°C, 85°C. Among the several LED
models studied, two devices have been chosen, so that their
bandwidth composition covered the available wavelengths range
(400-1000 nm). The chosen LEDs are produced by OSRAM Opto
Semiconductors and belong to the OSLON Black Series, in short they
are: the LRHOGP, red (emission peak at 625 nm), realized in InGaAIP
and the SFH 47258, infrared (emission peak at 940 nm), realized in
GaAs. They presented the same physical packages, lenses and active
areas (1 mm?).

Finally, data have been processed in Matlab environment, with
the aim to compare the performances of the analysed DUTs.

3. Results

As afore mentioned, spectral measurements have been executed
inawavelength range between 400 nm and 1000 nm, that being the
calibration range of the spectrometer.

By using the setup of Fig. 1, the LEDs absorption spectra have
been measured and represented in Fig. 2, according to the different
temperature levels. The spectral shift is clearly visible for each LED
model.

In order to highlight the correlation between the I-V char-
acteristics of the LED, used as a photodetector, with a different
overlapping between source and absorption spectra, greater atten-
tion has been paid in measuring and representing these curves in
the fourth quadrant, as temperature changed and on the basis of
the two different broadband light sources.

The I-V curves shown in Fig. 3 have been obtained by exploit-
ing the source N.1, while as to the source N.2, the measured -V
characteristics are reported in Fig. 4.

In order to analyse the temperature dependence of the LEDs’
electrical behaviour, the ratio Rs (short circuit current ratio)
between the short circuit photocurrent I at two different tem-
peratures T; and T, has been calculated:

kel
SC Tl

(1)

Rscc = I
sc ’ T,
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Fig. 3. 1-V characteristics at different temperature values, for red LED (LR HIGP on the left) and for infrared LED (SFH 4725S on the right), illuminated by light source N.1.
For red LED (LR H9GP) as the temperature is higher, the current (Is.) increases and the voltage (Vo) decreases. For infrared LED (SFH 4725S) as the temperature is higher,
both the current (Is.) and the voltage (Vo) decrease.
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Fig. 4. [-V characteristics at different temperature values, for red LED (LR HOGP on the left) and for infrared LED (SFH 4725S on the right), illuminated by light source N.2.
For both LEDs as the temperature is higher, the current (Is.) increases and the voltage (Vo) decreases.

(STD_TOT =0.008), calculated for any data, can prove the worthiness
of such measurements.
Consequently, you can infer that:

On the other hand, in order to analyse the spectral behaviour
while temperature changes, another ratio Ry (spectral ratio) has
been calculated as follows:

hmax Rep (Si, Ty Th) = Reee(Si, Tj, Th) (3)

fxmm si()»)SLED(k)|Tldk Sp( b h) seei>i> 4> Lh

Reyp = Kmax 5 ol do (2) with Rsp (S;, Tj,Ty,) : the spectral ratio calculated at T=Tj and T=Ty
f)‘min Si (%) Suen ( )|T2 with the source S;

Rsce (Si, Tj, Ty ): the short circuit current ratio calculated at T=Tj
and T =T, with the source S;

Isi: the short circuit current with the source S;

That also is:

Where S;(A) is the spectral power distribution of the i-th source
used for spectral measurements, S;gp(A ) is the measured absorption
spectrum of a LED at a chosen temperature and A,;;, and Amqx are
defined by the measurement range and in this case they are equal,
respectively to 400 nm and 1000 nm

) I

An estimate of two ratios has been calculated for each tempera- fs |Th >~ “ |Tj (4)
ture couple which has been examined, as reported in Table 1, where f;”f“x Si (M) Siep (k)‘T dx f/\ "% Si (M) Step (A)‘T‘dk
results are referred to each analysed LED correctly matched with mn 4 mn J
the kind of source exploited. It follows:

As to each analysed LED, you could infer that the Ry and Rsp oo
parameters are highly superimposable on one another, which has I (T) o / Si(A)Sep (A, TYdA = I (T)
been also corroborated by the mean [MEAN (Rsp/Rscc)] and the Armin
standard deviation [STD (Rsp/Rscc)] values of the ratio Rsp/Rscc, oo
assessed for every source and LED. Furthermore, the mean value = hi/ Si(A)Step (A, T)dA (5)
(MEAN_TOT = 0.998) of the ratio Rsp /Rscc and the standard deviation 3

min
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Table 1
Values of ratio Ry, (spectral ratio) and R (short circuit current ratio) at different temperatures. T; and T: temperature.
Tq T, LED LRHIGP LED SFH4725S
Source N.1 Source N.2 Source N.1 Source N.2
Rsp Rsce Rsp Rsce Rsp Rsce Rsp Rsce
5°C 25°C 0.996 0.988 0.996 0.985 1.020 1.030 0.982 0.990
45°C 0.980 0.974 0.976 0.960 1.048 1.053 0.971 0.979
65°C 0.960 0.957 0.953 0.942 1.061 1.082 0.968 0.969
85°C 0.939 0.942 0.930 0.924 1.091 1.110 0.955 0.957
25°C 45°C 0.984 0.986 0.980 0.975 1.027 1.023 0.989 0.990
65°C 0.963 0.969 0.957 0.956 1.040 1.051 0.986 0.979
85°C 0.943 0.953 0.935 0.938 1.069 1.078 0.973 0.967
45°C 65°C 0.979 0.983 0.977 0.981 1.012 1.027 0.997 0.989
85°C 0.959 0.967 0.953 0.963 1.041 1.053 0.984 0.977
65°C 85°C 0.979 0.984 0.976 0.981 1.029 1.026 0.987 0.988
MEAN(R;,/Rscc) 0.998 1.003 0.991 1.001
STD(Rsp/Rcc) 0.006 0.008 0.007 0.006
MEAN_TOT (Rsp/Rscc) 0.998
STD_TOT (Rsp/Rscc) 0.008
MEAN(Rsp/Rscc ), STD(Rsp/Rscc ): mean and standard deviation values of Rsy/Rscc, evaluated for every source and LED.
MEAN_TOT (Rsp/Rscc), STDTOT (Rsp/Rscc): mean and standard deviation values calculated over all data.
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Fig. 5. Short circuit photo generated current Is; vs integral of the product between LED power absorption spectrum and power spectrum of source N.1.
With h;: the proportional coefficient between I.(T) and the corre- feo (TY = BoK Amax SOk (M)Ser (. TVdA 8
sponding integral, sc2 (T) = h2 ; (M) ky (A)Sep (A, T) (8)
In Fig.5 the short circuit current I is represented as a function min
of the integral of the product between absorption spectrum and
: hy [ S (M) ky (A) Step (A, T)dA
Source N.1, for each DUT. As you would theoretically expect, results Isc2 (T) 2 Jrmin 2 LED (A, ©)

highlight the linear dependence of short circuit current from the
corresponding values of the integral of the optical spectra’s product.

In the following we explain the proposed method to estimate
the junction temperature of DUTs based on measuring the ratio
between the short circuit photocurrents Isc obtained with two dif-
ferent sources.

Consider two sources whose power spectra S;(\) and S(\) are
expressed as follows:

S1(A) =k (A)A(A)
S2(A) = ka(A)A(X) (6)
A(L) =K S()

Where S(\) is a large bandwidth power spectrum, k;(\) and ky(\)
represent the ratio between S{(\) and S;(\) in respect of S(\),
respectively and K represents the illumination intensity.

Let be:

)»max
Isc1 (T) = h1K/ S(A)kq (A)Step (A, T)dA (7)
A

min

Isc1 (T) fAA‘;‘::"S(k)kl (A)Step (A, T)dA

Define the ratio of I, to Is¢; as a temperature function as fol-
lows:

L2 (T)

FisT) = Isc1(T)

(10)

The function I';.(T) turns out to be dependent on temperature,
according to the variations of the ratio of the product’s integral
between sources spectra and LED absorption spectrum, regardless
of illumination intensity.

Let:

Isc2 (T) /Isc2 (Trer )

Ing(T) = —————=
e Isc1 (T) /sc1 (Trer )

(11)

the normalized ratio in respect of the two short circuit currents
measured at the reference temperature (T,f) that is considered to
be 25°C, in this case.
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Fig. 6. Representation of measured ratio of integrals of the product between power absorption spectrum of each LED and power spectra of source N.1.e N.2 respectively, as
temperature function. The linear curves, which fit measured values are represented by means of solid lines.

Also let:

By [ S (M) ky (A)Siep (. T)dh
I ineg(T) = "::lzx (12)
hy fxmm S(A)ky (A)Seep (A, T)dA

ratio of integrals of the product between power absorption spec-
trum of each LED and power spectra of source N.1.e N.2 respectively,
as temperature function.

By normalizing this function inrespect of the integrals measured
at Tef, it is obtained:

/, Amax S(N)k, (N )Step (A T)dA
Amin

)N
fx TSNy (N)SLED (N Trer)AN
min

FNlnteg (T)= Nmax (13)
fkmm S(N kg (M)Step(N.T)dA
5 SO0k, (\)Step (N TrerJON
It follows, from (9) that:
1_‘lec(T) = 1_‘Nlnteg(T) (14)
or:
Isco (T,
Pie(m) = Slredpy e (15)

Isc1 (Tref)

Consequently, if the source power spectra and LED absorption
power spectrum vs. temperature are known, it is possible to extrap-
olate the function I';s(T) and estimate the temperature junction by
measuring the ratio of the short circuit currents.

By means of a linear regression interpolation which has taken
into account the measured values of the ratio of the product’s
integrals between each LED absorption spectrum and Source N.1
and Source N.2 spectrum respectively, the obtained functions
INinteg (T) are represented in Fig. 6.

As to LRHOGP, the function dynamics is very small, whereas
when it comes to SFH 47258, it is wider, which is also expected
according to the outcomes shown in Table 1.

Table 2

Comparison between measured junction temperature values and estimated junc-
tion temperature ones that have been extrapolated from the function of the ratio
between the normalized integrals of the product of each LED absorption spectrum
and source N.1 and source N.2 spectrum respectively.

T MEASURED (°C) T ESTIMATED
SFH4725S (°C) A (°C) LRHOGP (°C) A (°C)
5 5.1 +0.1 6.1 +1.1
25 252 +0.2 22.8 22
45 442 -038 712 +26.2
65 66.2 +1.2 79.7 +14.7
85 85.1 +0.1 85.1 +0.1

A difference between estimated temperature and measured temperature.

Figure 7 shows the calculated functions I'nisc(T) and I'nineeg (T)
and you can observe that they display a good overlapping.

Besides, the data collected in Table 2 have been obtained by
extracting the junction temperature values from the estimated
functions I'njpteg (T) of each DUT.

As to SFH4725S, the estimated temperature values are corre-
lated to the measured ones with the maximum difference (A) of
1.2°C, while, in the other case, the A exhibits some larger range
variation (up to A =26.2°C for LRHIGP). This higher error estima-
tion may be due to the very lower angular coefficient of the fitted
linear function I'njpteg (T), which depends on the ratio variation of
the integrals with respect to the analysed temperature range, as it
can be inferred from Eq. (13). On such grounds, it becomes neces-
sary to increase this ratio, in order to achieve higher accuracy in
estimating temperature values.

4. Discussion

In this study, due to the use of LEDs as bandwidth-limited pho-
todetectors, the generated photocurrent changes as a temperature
function have been correlated with the modifications of mutual
overlapping between source and absorption spectra. To correlate
the spectral characteristics to the electrical ones, two parameters
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Fig. 7. Comparison between fitted curves of integrals and ratio Isc; to Is¢; functions vs temperature for each DUT.

have been defined: the ratio Rscc, which takes into account the I
changes as the temperature varies from value T; to T, and the
ratio Rsp, which takes into account the variations of the area of the
product between the source and absorption spectra, as long as tem-
perature changes. By comparing their values, as reported in Table 1,
it is possible to detect their congruence except for small errors.
Therefore, it is possible to assert that the I is strongly affected
by the spectral characteristics of both the device and the source.
The value of the latter, for a specific temperature, can be estimated
by measuring the value of Rsp. Indeed, the photogenerated cur-
rent is directly proportional to the area of the product between the
spectral power distribution of the source (S;) and the absorption
spectrum of the receiver (Sigp).

Wherever observing the I-V characteristics of the analysed LEDs,
which is reported in Figs. 3 and 4, a different behaviour comes to
light for LED SFH4725S whether sources N.1 or N.2 are used. Indeed,
with source N.1 I is reduced, instead of increasing as temperature
grows. This is caused by some difference in overlapping and, thus,
it is due to the different areas of the product between the source
and absorption spectra, as shown in Fig. 8.

In this work a mathematical relation, able to describe this
behaviour has been proposed and tested starting from the spectral
characteristics.

One interesting application, which may result from our study,
is about a LED’s junction temperature estimation, which can
be performed by measuring the ratio between the short circuit
photocurrents obtained with two different sources. It should be
mentioned that an accurate temperature estimation depends on
the I'Ninteg (T) dynamics which can be amplified according to the
choice of the two concerned sources. Both source spectra are
independent from temperature variations, while the absorption
spectra increase, shift and enlarge towards higher wavelengths, as
temperature increases. Consequently, the range where the absorp-
tion spectrum of each LED is overlapped with the source spectra
undergoes shifts and the integral of the spectra product changes
accordingly. In particular, the more the integral with the first
source increases and the more the integral with the second source
decreases, the more I'nipeeg (T) grows, which is exactly what has
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Fig. 8. Different overlaps, at temperature of 25 °C, between SFH 4725S, absorption
sectrum and source N.1 and source N.2 emission spectrum, respectively.

occurred with LED SFH 4725S, whose temperature estimation has
provided better results than the other LED.

An efficient solution may be based on choosing a source having
a spectrum represented by an ascending curve as the first source,
while the second source should be represented by a descending
into the wavelength range covered by the absorption spectrum, as
temperature increases. In Fig. 9 an example of a possible sources
choice is reported, where S; (\) and S, (\) are obtained by filtering
a large bandwidth source S(\).

Considerations arisen from the results can extend their scope
of activities to include generic photo-detectors and more impor-
tant information in photovoltaic field can be added. In particular,
it may be useful to estimate the temperature value, regardless of
the intensity K of the illumination source S(\) (i.e., the sun), as it
has been proposed herein. Once the sun spectral power distribu-
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Fig. 9. Example of a couple of illumination sources [S1(\), S2(\)] choice in respect of the LED absorption spectrum [Siep(A)].

tion is undisputed, it may be enough to measure the ratio between
the short circuit currents, photogenerated by illuminating the solar
cell with two different optical filters having appropriate spectral
characteristics.

On the other hand, an investigation on a larger wavelength
domain may increase knowledge not only in photovoltaic applica-
tions, requiring a wavelength range up to 1200 nm at least, but with
different types of LEDs characterization as photoreceptors, as well.
In fact, the bibliography attached to this paper clearly speaks of
an emerging interest in employing LEDs as photoreceptors within
several applications. Therefore, having a better interpretation of the
phenomena causing the short circuit current variations, may be of
help in improving the device performances in terms of signal-to-
noise ratio and sensitivity.

5. Conclusions

In this work, a novel procedure to estimate LED junction
temperature has been presented on the basis of spectral and elec-
trical characteristics of different LEDs in the wavelength range of
400-1000 nm, at five temperature levels (5°C, 25°C, 45°C, 65°C,
85°C) and by using two different light sources.

The method is based on the knowledge of both two source spec-
tral distributions and the DUT absorption spectrum temperature
behaviour, which allows for the relationship between short circuit
photocurrents ratio and temperature. A mathematical analysis has
been proposed and tested with experimental results in order to
highlight the independence of the proposed method from the inten-
sity of the illumination source. A more extensive experimentation
isrequired to confirm and improve the results that can be exploited
within generic photo-detector field and in the photovoltaic field, as
well.
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