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The temperature feedback of solid state laser diodes and various photovoltaic devices is critical for stable and
reliable usage. We demonstrate that with a simple and passive electrical measurement process and optical
calibration method the temperature of a photodiode can be determined, while keeping its original purpose. We
present the idea with simulation and experiments, and provide an illumination-based parameter fitting method.

The presented use case is a 5.6mm IR laser diode. We used its monitor photodiode to track the temperature inside
the package with significantly better temporal resolution than the off-the-shelf external heat sink sensor pro-
vides. We reached a time resolution in the range of milliseconds and achieved precision of +10mK with +3K
absolute, uncalibrated precision. The technique is not restricted to laser diodes, it is applicable to photovoltaic
cells, photodiode arrays, organic diodes as well.

1. Introduction

There are several pn/pin diode and bipolar junction transistor (BJT)
related temperature monitoring solutions [1-4,5,6] in conjunction with
temperature independent or absolute temperature proportional circuits
[7]. There are several standardized techniques to measure and express
the parameters of a pn/pin diode model including its temperature
dependence [8-11,12]. These techniques are based on the measurement
of the reverse and forward biased current-voltage characteristics.
Another frequently used solution is remote temperature sensors, which
monitor temperature with non-integrated silicon diodes. The common
feature of these solutions is controlling the exact value or ratio of the
sensing junction current to avoid device characterization [3]. This
assumption is not fulfilled in the case of a photovoltaic cell or photo-
diode, where the external voltage-current relationship is heavily altered
by the exposure-induced current flow.

We demonstrate that the absolute temperature of a photodiode can
be estimated with relying only on arbitrary optical stimuli and moni-
toring the short circuit and open circuit voltage. The measurement is
passive: there is no current explicitly forced through the diode to

measure its characteristics. The feasibility of this technique is illustrated
on the monitor photodiode of laser diodes. Temperature dynamics
simulation and measurements of transistor outline (TO) can packaged
laser diode are presented. The reason for the choice is that measuring the
temperature of the diodes constantly and precisely guarantees wave-
length and optical power stability [13]. Additionally, laser diodes age
quickly at elevated temperature which can be addressed using feedback
controlled cooling. Junction temperature monitoring may need complex
optical setups [14,15] or thermal imaging [16,17]. The most common
and cost effective encapsulation type of laser diodes is a flavor of metal
TO package. These metal packages usually integrate a photodiode for
short term power references with no guaranteed accuracy. We propose
to use these photodiodes to measure the temperature of the laser chip
instead. Their thermal connection to the laser diode chips is excellent
and their thermal mass is very low, making them a good candidate for
following laser diode temperature dynamics. The illumination inde-
pendent relative precision reached is in the 10mK range with + 3K ab-
solute precision at millisecond timescale for a 250mW IR laser diode.
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2. Operation principles

The absolute temperature of a photodiode is calculated by inferring
temperature from its measured electrical properties with no external
electrical stimuli and regardless of its optical input. In order to do that,
the open circuit voltage (Vpoc) and the short circuit current (Isc) is
monitored and the diode I/V equations are solved. To identify various
physical parameters of the photodiode, we propose an optical stimuli
based calibration method.

2.1. Diode equations

The current flow through a p-n junction is a well understood process
[18]. The junction current can be modeled by the current through bar-
rier according to the thermionic emission (TE) theory, and can be
expressed as [19-22]:
q(Ves *Ith.x) _ 1> — L,

(€8]

I= ]oexp< kT

where q is the absolute value of electron charge, Vgp is the forward
bias voltage, I is the current of the photodiode, R is the series resis-
tance including the resistance of the contacts and the resistance of the
non-depleted silicon, n is the ideality factor, k is the Boltzmann constant,
and T is the absolute temperature. Ij is the saturation current, given by

* K ¢B(T)

Iy = AA™T exp< - W) 2)

where A is the rectifier contact area, A* is the Richardson constant
(146 A/cm?K? for n-type Si), ¢5(T) is the barrier height and K is the
temperature exponent. The ideality factor n is used to take into account
the deviation of the actual, manufactured diode from an ideal one. ¢p is
also temperature dependent and can be modeled as [23]:

aT?
T+p

where the parameters are ¢p(0) = 1.166eV, a = 4.73 - 10 *eV/K,
and g = 636K for silicon. In the case of open circuit configuration
(photovoltaic), the external current becomes zero and open circuit
voltage is equal to the forward bias voltage: Voc = Vgp is measured. In
zero bias case, the terminals of the photosensor are shortened (Vg = 0)
and the short circuit current is equal to the photodiode current: Isc = I,
can be measured [21].

#5(T) = ¢(0) 3

2.2. Parameter fitting and calibration

In order to solve the diode Egs. (1), (2), and (3), several unknown
parameter must be known in advance as well: AA*, n, K, R; and T tem-
perature. In the following, we present a simple method to fit these pa-
rameters from several simple measurements using an auxiliary light
source of unknown optical parameters instead of external electrical
current generator or voltage source (e.g. a source-measurement unit).

Our aim is to circumvent equipment-based calibration forced
current-voltage situation and precise temperature measurement. Thus,
we propose the following model parameter identification method: .

e The measurement process is performed to record Vo¢ and Is¢ point
series at different illumination and temperature values as described
in the next steps.

o A light source provides a broad range of illumination cases to the
photodiode at a stable temperature in order to generate numerous
voltage-current pairs.

e These sweeps are repeated for various temperature values (e.g.
20-100 C°). The exact temperature values are not of importance,
only stability during the sampling time.
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e The missing parameters are fitted to the voltage-current pairs using
the diode equations.

In the presented setup, the varying illumination was generated by an
auxiliary laser diode that was driven with a current ramp from complete
off-state to nominal output power (LED or blocked, modulated sunlight
would be adequate as well). The reason for the additional laser in this
setup is to avoid heating effect of the integrated laser diode during
parameter fitting, thus this laser source is used solely during this step.
The recorded Voc and Is¢ series are then fed into a constrained non-
linear multivariable cost function minimalization function (fmincon
function of Matlab). The cost function of quadratic minimization is
defined as follows: j, i are the indexes of the data pairs of i" measurement
point at the j stable ambient temperature.

T.
Iy = AXTS exp( - %) “
€(j,i) = Isc(j, 1) —
oy (exp (q(VOCU’ ) ~Iscl, ")RJ)> oy ) + ®)
nkT;
lbiax
F(Voc,Isc) = (6)

Egs. (4) and (5) are the error of the estimated and the measured
diode current. Eq. (6) expresses the cost function as the summation of
the error of each individual samples. The normalization factor |Isc(j, 1)|
+ A helps to weight the low photocurrent values during optimization. A
is introduced to avoid near zero division (A = 1pA). Iy is an offset
current added to Is¢c to handle miscellaneous measurement and quanti-
zation errors.

3. Thermal simulation

First, to understand the behavior of the temperature dynamics of a
TO package, we simulated a 5.6mm laser diode package with transient
finite element method (COMSOL Multiphysics [24]). The model con-
tained a case, a laser diode, a photodiode and the bond wires. The diode
was placed in a 2 x 2 x 0.5cm® sized copper heat sink with cylindrical
hole, the diode was powered up with a constant heat flux of a typical
250mW optical output power ( ~ 0.6W). The goal of this analysis was to
compare the temporal and temperature dynamics of the heat sink, near
the junction area and the photodiode temperature. Two configurations
were simulated, namely a tight and an intentionally loose thermal
connection between the package of the laser diode and the heat sink. In
the latter configuration, only the electrical connections were maintained
with an air gap between the heat sink surface and the socket. As it can be
seen in Fig. 1, the laser heated up the most from its initial room tem-
perature, and the photodiode and the heat sink followed its temperature
rise with smaller amount and longer settling time.

4. Experiments
4.1. Measurement setup

The open circuit voltage and the short circuit current values cannot
be measured at the same instant, thus a technique is needed to switch
between the two cases. In the sensor readout circuit, shown in Fig. 2, we
used two analog multiplexers with two distinct branches, namely a low
noise transimpedance amplifier (TIA) [25-27] and a non-inverting
voltage amplifier. The role of the TIA is to convert the photocurrent to
voltage maintaining zero voltage on the photodiode terminals (zero bias
mode). When a branch is disconnected from the photodiode, its input is
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Fig. 1. Transient finite element simulation of a typical 5.6 mm laser diode case
including monitor photodiode with 250mW output power transient: (a) tight
thermal connection to the heat sink. (b) loose thermal connection to the
heat sink.

connected to its corresponding zero level: the input of the TIA is
disconnected and the voltage follower is connected to signal ground
level. The two branches are simulatenously digitalized, hence in both
multiplexer positions the offset error of one branch can be measured and

ETEC and heat smkg
i Laserdiode
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then used for bias compensation (amplifier input bias voltage). The
period time of the alternating measurements is limited by the settling
time of the two cases. The settling time is dominated by the carrier
diffusion time. The capacitance of the photodiode in zero bias configu-
ration is significantly lower than in the open circuit case (the depletion
region acts as the plates of a capacitor), thus this mode limits the
alternating frequency. We can distinguish several noise sources, such as
the Johnson noise from the load resistor, the shot noise from the incident
light, and the instrumentation voltage and quantization noise. The
photodiode related noise is suppressed by operating the photodiode in
zero voltage or zero current modes [28] in both cases. The presented
setup provided 14uV and 4.8nA RMS noise for voltage and current
measurements (in the 0.1 Hz to a few kHz bandwidth).

We used the setup shown in Fig. 3 as a typical temperature-
controlled laser scenario for demonstration. It is based on a laser
diode mount with a thermoelectric-cooled mount (TEC, LDM21, Thor-
labs Inc., USA), a TEC controller to monitor and set heat sink tempera-
ture (TED200C, Thorlabs Inc., USA) that uses an Analog Devices AD592
temperature sensor, and a current controller (LDC205C, Thorlabs Inc.,
USA) to drive the laser diode. The diode is an RLD82PZJ2 type of
820 nm central wavelength, 250mW optical output power (ROHM Co.,
Ltd., Japan). The auxiliary diode used for external illumination was a
645nm center wavelength 24mW output power laser diode
(RLD63NPC8, ROHM Co., Ltd., Japan). The interfacing between the host
computer and the auxiliary laser diode modulation, and the controlling
of measurement type were done by a data acquisition card (USB-6211,
National Instruments Co., Austin, TX, USA). The timing of the auxiliary
laser beam was verified by a Si fixed gain detector (PDAO15A/M,
Thorlabs, Newton, NJ, USA), and a spectrometer (AvaSpec-ULS2048
StarLine, Avantes Ltd., The Netherlands) was used to estimate the laser
junction temperature by its center wavelength shift at 1nm resolution.
The room temperature central wavelength is measured by pulsed
operation to avoid self-heating. The tested diode had ~ 0.28nm/K
wavelength shift. The beam of the auxiliary laser was directed to the
measured laser diode in a tilted angle through a shortpass 805nm cutoff
wavelength dichroic beamsplitter to avoid changing the characteristics
of the main laser diode. The auxiliary laser was controlled by the data
acquisition card during the parameter fitting process.

At low light level (Isc < 1pA), the settling time is below 100us
allowing a corresponding few kHz modulation. We used a moderate 2
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Fig. 2. Block diagram of the custom measurement board and connection to a representative laser diode case of style A pin arrangement. The monitor photodiode of
the laser diode is connected to the measurement board, which switches to open circuit and short circuit measurement modes by a non-inverting and a transimpedance

amplifier, respectively. The outputs are digitalized for processing.
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Fig. 3. Block diagram and a photo of the measurement
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KHz switching speed to achieve 1000 measurements per second with 2
Vpp range and 16-bit, 30.5uV resolution. A single measurement consisted
of measuring each type of circuitry for 500us with a 80kHz sampling rate
resulting in 2 times 40 data points collected during the 1ms output
period of a temperature estimate measurement. We first dropped the
first epoch of the data removing the settling time and then replaced them
with extrapolated ones calculated from the remaining data points. The
results were then fed into the Egs. (1)—(3) with the fitted constants to
calculate the temperature. The ramp and data capture is repeated 25
times at five different ambient temperatures in the range of 15-50 C°.
The outcome of the fitting process can be seen in Fig. 4. In the example,
the parameters became AA* = 21.36, n =1.39, K = 1.42, Iy, = —
16.2uA, Ry = 13 Q. These parameters are properties of the photodiodes,
and so the same parameters apply to the device regardless of its loca-
tion/usage specific conditions.

4.2. Measurements during operation

We first performed two steady state measurements at room tem-
perature environment first without and then with the laser diode being
in operation at its nominal output power. We waited for the temperature
of the setup to stabilize, then recorded a time series for 5-5 min in both
cases. The standard deviance was 3.8mK and 3.3mK of the photodiode
temperature estimation for the dark and operational cases compared to
the 2.8mK and 3.0mK standard deviance of the AD592 temperature
sensor readings (see Fig. 5). Fig. 5c shows a histogram of the absolute
temperature offset error of several repeated measurements at different
temperatures and light levels (standard deviance was 0.49K with +3K
limits). The measurement demonstrates that the light input (operational
laser diode) does not decrease the precision and the absolute uncali-
brated temperature offset remains in the range of the typical integrated
silicon sensors.

Next, we present two transient measurements with good and loose

thermal connection between the laser diode case and the heat sink
similarly to the thermal simulation configurations. During the tran-
sients, no external illumination was provided. In the first experiment,
the TEC temperature control was disabled, the laser diode was switched
on (t = 10s) and then off (t = 65s), finally the heat sink thermal control
is enabled again (t = 150s) to capture the effect of external heat flux to
the case as shown in Fig. 6. The junction temperature was calculated
from the central wavelength of the laser light while it was on with a
limited resolution due to the limitation of the used spectrometer. In
order to see the trend of the temperature change, beside the raw
wavelength readings, shown as dots, a fitted curve is also included in the
figures ?? a solid line. In the second experiment, we partially removed
the laser diode to disconnect the heat sink and the package. We enabled
the temperature control of the heat sink and waited for stable temper-
ature readings. Then first the laser diode was switched on at t = 1s and
off at t = 50s. The measurement results can be seen in Figs. 7. The figure
shows that the temperature of the photodiode rises quickly following the
temperature of the poorly cooled laser diode. The two use cases illustrate
that a photodiode can be used as temperature sensor with the proposed
method regardless of the incoming light and with passive electrical
measurements. Please note the similarity between the calculated and the
simulated temperature behavior.

5. Discussion

If the laser light (or generally any external illumination) is negligible,
then the open circuit voltage is dominant, as I, ~ 0, and this mode
corresponds to other diode-based temperature sensor techniques [3]. If
the laser is in operation, the strong effect of the photocurrent on the Vp¢
is compensated by the diode equations, providing an illumination in-
dependent temperature measurement method.

Repeated measurements of different arrangements and diodes
resulted in absolute temperature differences, which remained in the
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Fig. 4. The proposed parameter fitting uses a changing external optical stimuli,
momentarily stabilized ambient temperature and the measurement of the zero
biased photocurrent and open circuit voltage response of the photodiode. A
decreasing current ramp drove the auxiliary laser that shone light onto the laser
diode case at different temperatures. (a) shows the measured open circuit
voltage and short circuit current at about 15, 20, 30, 40, 48 C° ambient tem-
peratures. The open circuit voltage curves are color coded from green to red
scaled on the right axis. The short circuit current data is shown as overlapped
blue curves scaled on the left axis). The inset shows the repeated relative light
intensity of the auxiliary laser. (b) black dots are overlaid to show the outcome
of the model calculation after substituting the fitted parameters. Both figures
show 1400 by 25 samples at each temperature value.

range of &+ 3K. This offset value was compensated by single point cali-
bration later on (see 5c). The presented calibration method for param-
eter fitting of the diode equation and several measurements showed us
that, in some cases, there is a slight deviation in the range of + 100mK in
the temperature estimation at step-wise high light changes. The cause of
the remaining illumination dependency may come from the simplified
diode model, which could be extended with additional physical phe-
nomena (e.g. ideality factor dependency, double diode model [11,29]),
and from unresolved error sources of the measurement setup. Further
constraints, such as parameters calculated with different measurement
techniques [30] could further provide stability to the estimation process.

Besides this process, the photodiode can serve its original task while
working as a temperature sensor, namely monitoring the emission of the
laser diode (e.g. it can be used for automatic power control) with the
short circuit current output. Furthermore, such a constant optical power
control system could be extended to control the temperature of the laser
diode as well with no additional sensor.

The presented setup could be significantly simplified by providing
any reasonable, controllable external light source (e.g LED) directed to
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Fig. 5. Steady state temperature measurement stability comparison of the TEC-
controlled heat sink temperature sensor and the photodiode. The measurement
time was 5 min at 1 kHz sampling rate, the temperature offsets are removed for
better visibility. The photodiode and the heat sink temperatures are plotted in
the case of (a) no laser light, (b) with the laser diode operating at nominal
optical output power (250 mW). The standard deviance of the temperature
estimation for the dark and operational cases of the photodiode are 3.8mK and
3.3mK, the standard deviance of the heat sink temperature are 2.8mK and
3.0mK, respectively. (c) Absolute temperature offset error of repeated mea-
surements of different static temperatures and diodes resulted (6000 samples,
15-48 C° temperatures, changing light).

the photodiode for calibration and a variant of the Is¢, Voc measurement
board. Different laser diode case styles or pin arrangement can also be
connected to such environment, preferably style B types with isolated
photodiode connection. Other semiconductor devices can be tempera-
ture monitored similarly such as silicon, perovskite or organic solar cells
[31,32], unamplified photodiode arrays, and organic photodetectors
[33-36] in situations, where direct temperature sensor cannot be
placed.
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the work reported in this paper.
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