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Abstract—We present a self-calibrated, self-assured room
temperature optical power detector, which works both as a
photoelectric detector and as a thermal detector. The thermal
measurement mode can be used as a reference to calibrate the
spectrally dependent internal losses of the photodiode. 3D charge-
carrier simulations are used to model the photodiode response,
and combined with experimental IV curves the simulations
provide an independent method for determining the internal
losses. Combining thermal measurements and simulations allow
for the extraction of the fundamental constants ratio e/h. This
provides a direct link from radiometric measurements to the SI,
thus self-assuring the detector response.

Index Terms—Fundamental constants, International System of
Units, photodiodes, radiometry, self-calibration.

I. INTRODUCTION

For optical power measurements, the cryogenic radiometer
has been a reliable and well-established primary standard
for several decades, with measurement uncertainties in the
order of 200 ppm [1]. However, the advantage of the low
measurement uncertainty is usually lost when the scale is
transferred to silicon trap detectors, and 0.1 % uncertainty is
typical at the application level.

The dual-mode optical power detector, developed in the
chipS·CALe project, combines the practicality of photodiodes
with the thermal electrical substitution measurement of the
cryogenic radiometer [2]. Also, it provides a primary stan-
dard to be used directly in applications, eliminating a long
traceability chain. Operation at room temperature leads to
a sacrifice in the measurement uncertainty compared to the
cryogenic radiometer. However, by incorporating the ther-
mal primary standard into the detector itself, and thereby
eliminating uncertainty contributions usually involved with
external references, such as window effects, moving parts, and
differences in reflectivity and absorbance, we are able to reach
a measurement uncertainty approaching that of the cryogenic
radiometer even at room temperature.

The detector offers self-assurance by linking radiometric
measurements to the SI through fundamental constants ra-
tio e/h, making the usually elaborate procedures of inter-
comparisons obsolete.

II. DUAL-MODE SELF-CALIBRATION

The dual-mode detector consists of an induced-junction
photodiode in combination with a thermal sensor. The pho-

Fig. 1. The dual-mode detector module.

todiode is used as the absorber in both modes. By using
thermal mode as a built-in reference, the internal losses of
the photodiode can be determined without the need of an
external reference. Once this is done for the desired radiation,
temperature and optical power level, the detector can be
operated as a normal photodiode to do quick and easy optical
power measurements.

The absorbed optical power Φa of the photodiode can be
calculated from the photocurrent iphoto as:

Φa =
hc

eλ

iphoto
(1− δ(λ))

(1)

where h is Planck’s constant, c is the speed of light, e is
the elementary charge and λ is the vacuum wavelength of the
incoming radiation. The spectrally dependent δ(λ) represents
the internal loss of the photodiode. This loss term must be
determined before the photodiode can be used to make high-
accuracy optical power measurements. As we use the same
absorber in both the photocurrent measurement and thermal
measurement, the reflectance will be the same and can hence
be disregarded. For application purposes, when the absolute
beam power is of interest, the reflection loss must be taken
into account and can be reduced by placing the detector in a
multi-reflection trap structure. Here the quantum yield, which
is of most concern in the UV range, has been included as part
of δ(λ) [4].

During measurements, the dual-mode detector module (Fig.
1) was placed in a copper trap structure inside a vacuum
chamber, at a 45◦ angle to the incoming beam above a
horizontal mirror, creating a three-reflection trap detector.
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Fig. 2. Internal losses δ measured with the dual-mode self-calibration method
at room temperature, as a function of absorbed optical power, with 488 nm
radiation.

First, the detector was operated as a photodiode, by mea-
suring the photocurrent iphoto while applying a reverse bias
voltage across the photodiode. Then a thermal measurement
was carried out, by cycling through five electrical substitution
measurements.

The photodiode itself was used as the electrical heater,
by applying a forward bias to the photodiode. The thermal
design ensures heat equivalence between optical and electrical
heating, such that equal optical and electrical power will give
the same temperature rise.

When the optical power Φa has been determined using
thermal mode, rearranging equation (1) gives the internal
losses δ(λ). Fig. 2 shows experimental results for the internal
loss δ from room temperature dual-mode measurements at
different power levels, with 488 nm radiation.

III. CHARGE-CARRIER SIMULATIONS

Predictable, low-loss induced-junction photodiodes [5] pro-
vide a second calibration method in the dual-mode detector,
as 3D charge-carrier computer simulations can be used to
predict the internal losses of the photodiode with high accuracy
[3]. An experimental IV curve of the photodiode is acquired
by measuring the photocurrent while gradually varying the
reverse bias voltage across the photodiode. Fig. 3 shows
experimental IV curves for different power levels at 647 nm, as
well as simulation data from a 3D simulation model that has
been fitted to the experimental data. The experimental data
is plotted as 1 − I/Imax + ξ, where Imax is the maximum
measured current and ξ is an offset parameter.

By fitting the simulation parameters to the experimental
data, parameters, such as the surface recombination velocity
and oxide charge, can be extracted from the model. When the
photodiode defining parameters are known, the model can be
used to determine the internal losses for any wavelength or
power level.

IV. SELF-ASSURANCE

Even with a self-calibrated detector, it is necessary to
check for drift in the detector response. This assurance of
detector responsivity of primary standards is usually carried
out by inter-comparisons between different metrology insti-
tutes. However, for the dual-mode detector, the charge-carrier
simulations allow the assurance to be done internally - without
removing the detector from its position. This makes it ideal
for operation in remote locations, such as on a satellite.

Fig. 3. Fitted simulated internal losses δ (solid lines, left axis) with
experimental data, 1 − I/Imax + ξ (right axis), of an induced-junction
photodiode at 647 nm.

By using thermal mode to determine the absorbed optical
power Φa, and using a charge-carrier simulation model fitted
to experimental IV curves to determine the internal losses
δ(λ), all terms in equation (1) are known. Consequently, we
can tie our radiometric measurement of Φa directly to the SI
through the fundamental constants ratio e/h. A consistency
between the extracted value and the tabulated value provides
self-assurance of the detector.

At cryogenic temperature, where both photodiode and
thermal properties improve the signal-to-noise ratio, a low-
uncertainty version of the method can be performed [6].

V. CONCLUSION

We present a room temperature self-calibrated optical power
detector. In combination with charge-carrier simulations, the
detector response is self-assured through a measurement of
e/h, and thus provides a direct link between radiometric
measurements and the SI. Our work shows promising results
with room temperature dual-mode measurement uncertainties
around 400 ppm (k = 2), and excellent agreement between a
fitted 3D simulation model and experimental IV curves.
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