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Abstract

®

CrossMark

This paper presents the experimental characterization of predictable quantum efficient
detectors, which have been designed for use at room temperature. The aim of the
characterization was to validate modelled properties experimentally and, thus, the feasibility
of such room temperature predictable quantum efficient detectors to be used as primary
radiometric standards for applications in the fields of photometry and radiometry with an
aimed uncertainty level of 0.01%. The characterizations were focused on linearity, thermal,
angular, spectral and polarization dependencies of the detector that need to be known and
considered in the respective applications. The results of the characterization measurements
confirm the predictability of the detector, within the aimed 0.01% uncertainty level and,
thus, the high potential for using that kind of devices as primary standards for applications in

radiometry and photometry.

Keywords: characterization, radiometry, photometry, primary standard optical power,

room-temperature quantum efficient detector (RT-PQED)

(Some figures may appear in colour only in the online journal)

1. Introduction

The concept of predicting internal quantum losses of a pho-
todiode so that it can be used for the absolute measurement
of optical power dates from the late 1970s [1]. Current sil-
icon (Si)-based manufacturing technology together with the
advancements in the computing capabilities and modelling of
the charge carrier generation and dynamics processes allow
the production of such photodiodes with the required char-
acteristics. Hence, a predictable quantum efficient detector
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(PQED) based on induced junction silicon photodiodes was
developed recently [2, 3]. Modelling and characterization at a
set of selected wavelengths have shown that the spectral power
responsivity of the produced PQED operated at room temper-
ature can be predicted with a standard uncertainty at the level
of 100 ppm (parts per million =1 x 1075, 100 ppm = 0.01%)
[2-5]. Thus, the developed PQED is to provide a cost-efficient
and easy-to-use alternative to cryogenic radiometers. In terms
of its handling complexity, the room temperature device
(RT-PQED) is comparable to state-of-the-art transfer standard
detectors (typically silicon trap detectors).

While implementing a novel primary radiometric standard
for use at room temperature, the RT-PQED is of interest for
various applications in photometry, filter radiometry and
fibre optics [6]. In photometry, a successful application of

© 2018 BIPM & IOP Publishing Ltd  Printed in the UK
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the PQED was recently demonstrated in measurements of
light-emitting diode (LED)-based light sources [7]. There,
the RT-PQED replaced photometers that are normally used to
measure photometric quantities of light sources. In that study,
the PQED-based measurements lead to lower measurement
uncertainties than the photometer-based measurements.

The RT-PQED equipped with a calibrated aperture can
also be used as a primary standard for a direct calibration of
photometers or filter radiometers with respect to their spec-
tral irradiance responsivity, which offers a simpler calibration
scheme compared to a typical traceability chain involving a
cryogenic radiometer. However, the implementation of the
RT-PQED as a primary standard for such applications in pho-
tometry and radiometry requires the experimental validation of
the device under the measurement conditions generally faced
during such applications: the optical radiation to be measured
is uncollimated, has a varying degree of polarization and a
finite bandwidth, i.e. it is not a monochromatic laser beam.
Because of the anticipated spectral dependencies of the PQED
properties, the performance of the RT-PQED with respect to
the relevant measurement conditions must be validated over
the whole spectral range relevant for the specific applications.
Thus, the purpose of the characterization measurements pre-
sented in this paper was to characterize the RT-PQED perfor-
mance focusing on effects and dependencies that are relevant
and required for its successful implementation in radiometry
and photometry applications. Here we present experimental
methods used to determine the RT-PQED properties such as
linearity, thermal, angular, spectral and polarization depend-
encies, along with the respective results obtained and discuss
their implications for the applications of the device.

2. Principle of the PQED

The spectral responsivity s(A) of a photodiode can be written
as

e- A
= 22 1= ) (1= 6] (1] ()
where e and ¢ are the fundamental physical constants of the
elementary charge and speed of light in vacuum, / is the Planck
constant and A is the wavelength. The other terms account for
spectrally dependent reflectance losses (p), internal quantum
deficiencies in the photodiode (6) and internal charge carrier
gain (). These terms are relative values and therefore dimen-
sionless. For Si-based photodiodes, the effect of internal
charge carrier gain y(\) mainly becomes relevant at wave-
lengths in the UV spectral range.

The approach to the PQED design includes two aspects:
the design of the photodiode structure leading to minimized
quantum deficiency in the bulk of the photodiode and the
design of the geometry of the photodiode assembly allowing
the reflections to be trapped and the losses to be reduced down
to a level of 10 ppm.

The developed RT-PQED is based on induced junction
photodiodes showing very low internal quantum deficien-
cies §(N) [2, 3]. A bias voltage, typically 5V, is applied to

s(A)

Figure 1. Schematic diagram of the PQED photodiodes assembly
(Reproduced by [2]. © IOP Publishing Ltd. All rights reserved.) The
blue arrows depict the incident beam. The beam undergoes seven
absorptions and reflections at the photodiode surfaces before the
remaining fraction of the beam exits through the entrance aperture.

the photodiodes to further reduce internal losses [8]. The
dependence of the RT-PQED response on the bias voltage has
been investigated experimentally by Miiller et al [3]. The bias
voltage dependence of the internal quantum deficiency has
been modelled and measured by Tang et al [9].

The RT-PQED uses two photodiodes arranged in a wedge
of 15° (figure 1). In this alignment, an incident beam under-
goes seven in-plane reflections between the two photodiodes
before it leaves the RT-PQED co-linearly to the incoming
beam, similarly to corner cube-configured trap detectors.
Consequently, the remaining fraction of the beam power that
leaves the detector is very low. Depending on the wavelength,
the reflectance p(\) of the RT-PQED assembly is modelled to
be in the range of a few ppm to a few hundred ppm [10]. The
modelled values for the reflectance have been confirmed at a
set of wavelengths [2].

A more detailed description of the semiconductor material
and assembly design is given in [2, 3].

3. Characterization of the RT-PQED

3.1. Linearity and dynamic range

The dynamic range of a photodiode is determined at the upper
end by the nonlinearity effect due to the saturation of the con-
version of the photons to charge carriers. At the lower end,
this dynamic range is determined by both the noise and by
the dark current generated by the photodiode [11]. The satur-
ation point of an RT-PQED is dependent on the bias voltage
applied to the photodiodes and the spatial photon density of
the optical radiation impacting the photodiodes [12]. The dark
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Figure 2. Saturation levels with unbiased (blue) RT-PQED and bias
of 5V (red). The insert shows a zoom of the graph. The y-axis gives
the ratio of the photocurrents measured by the RT-PQED and the
trap detector, the latter one being hit by approx. 1/10 of the power
impinging on the RT-PQED. The error bars represent the type A
uncertainty of 20 repeated measurements.

photocurrent is dependent on the bias voltage and on the pho-
todiode temperature.

The saturation level of an RT-PQED was experimentally
determined by measuring the ratio between the photocurrent
of an RT-PQED and that of a three-element Si-based trap
detector of known linearity over 5 decades of optical power.
This experiment was performed with and without bias voltage
being applied to the RT-PQED.

The incident irradiation used in these experiments con-
sisted of a stabilized (50 ppm h™!) quasi-Gaussian laser beam
with a 1/¢* diameter of 3mm and a wavelength of 531nm.
The value of the laser beam diameter has been chosen as a
trade-off between distributing its energy on the largest area
over the photodiodes to decrease the photon density level
and limiting the loss of optical radiation due to the size of the
RT-PQED circular aperture of 8 mm diameter. A beam splitter
with a ratio of about 1 : 10 was used to distribute the optical
radiation between the two detectors with the weaker beam
impacting the trap detector.

The range of laser power, over which the measurements
were made, was obtained by using the dynamic range of
the laser stabilization system in conjunction with a gradu-
ated neutral density filter. With the presence of the beam
splitter in the optical path of the beam conjoiner apparatus,
this resulted in the combined, incident optical radiation
power at both the trap detector and the RT-PQED ranging
from approx. 140 nW to 0.7 mW. Considering the beam
diameter of 3mm, the equivalent irradiance levels range
from 0.015W m~2 to 74W m~2. As mentioned above, the
trap detector is hit by 1/10 of this power. Thus, this is well
within the linearity range of the trap detector, which has
been verified from 40 pW to 1 mW using the dual beam
addition technique [12, 13].

As expected [2, 3], the unbiased RT-PQED already shows
nonlinear behaviour at rather low power levels (10 pW). The
non-linearity threshold for this evaluation was chosen at as
high as 100 ppm, which was the typical level of uncertainty
of this measurement. The linear performance of the RT-PQED
is extended to higher power levels (200 uW) if the 5V bias
voltage is applied to the photodiodes (figure 2).
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Figure 3. Temperature dependence of the RT-PQED dark
photocurrent when the RT-PQED is operated with 5V bias and in
unbiased mode.

3.2. Temperature dependence of the dark photocurrent
and noise

The temperature dependence of the dark photocurrent and
noise characteristics were measured with the RT-PQED held
in light tight conditions. A custom-made heat pipe temperature
controller was developed for the temperature characterization
of the RT-PQED [14]. Using this controller, measurements
could be made from —12 °C to 35 °C, with a stability at each
set point of £0.02 °C. The RT-PQED was purged with dry gas
to avoid condensation on the photodiodes below the ambient
dew-point temperature.

The dark photocurrent was measured by using a transim-
pedance amplifier with a feedback resistor of 1 GS). As shown
in figure 3, within the temperature range of —12 °C to 30 °C,
the dark photocurrent depends exponentially on the temper-
ature of the RT-PQED. When a voltage bias of 5V is applied,
the dark photocurrent is one order of magnitude larger than
if no external bias is used. These trends of the dependence
on the temperature and bias voltage are as expected. Former
measurements of the dark photocurrent of a PQED of the
same type® with 5V bias applied [15] resulted in a higher dark
photocurrent at room temperature (approx. 10 nA at 24 °C).
A probable reason is a slight change in the photodiode mat-
erial occurring between different batches of the photodiode
production.

The need to minimize the dark photocurrent when meas-
uring low radiance flux levels is apparent. Firstly, at room
temperature and when a 5V bias is applied, this limits the
I/V factor of the transimpedance amplifier that can be used
to measure the RT-PQED photocurrent down to 1 x 10710 A
before the readout electronics saturate. Secondly, when the
dark photocurrent is higher, the thermally dependent fluctua-
tions also increase, especially when operated without temper-
ature control.

The RT-PQED noise was measured at different temper-
atures using a switched integrating amplifier (SIA) [16] with
a gain of 1 x 1071 V A~!, The noise bandwidth of the SIA
is well defined [11] and is equal to 1/2 7, where 7 is the inte-
gration time of the SIA. During this measurement, the SIA
integration time was 1 s and no bias voltage was applied to

®Donsberg et al focuses on PQED based on photodiodes with n-type silicon
substrate and compares them to p-type-based PQED. The measurements
presented here in this paper are carried out with p-type-based PQED.
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Figure 4. Temperature dependence of the RT-PQED noise
equivalent power (NEP) measured with a switched integrator
amplifier at 1 x 107!° gain and no bias voltage applied to the
photodiodes.

the RT-PQED photodiodes. The results of this measurement
are shown in figure 4. Below 5 °C there is no further meas-
urable noise reduction probably due to the electronics noise
floor being the dominant contribution.

The collected experimental data from the RT-PQED line-
arity, dark signal and noise performance suggest the use of the
RT-PQED in two regimes depending on the intended meas-
urement mode and irradiance level to be measured: (i) with
applied bias voltage to measure power levels as are typical
for current absolute primary standard radiometers (>approx.
1'W m~2 or approx. 10 uW for a beam with a 3 mm diameter),
and (ii) unbiased and possibly temperature-stabilized PQED
to about 10 °C to provide measurements of optical power
down to very low photon fluxes.

3.3. Angular dependence

The dependence of the RT-PQED responsivity on the angle of
incidence of a beam must be known for radiometric and pho-
tometric applications involving radiation sources with non-
collimated beams, such as incandescent light bulbs or LEDs.
Based on the modelling presented in [2, 3], no effects larger
than a few ppm were expected for the angular-dependent
measurements.

To characterize the angular dependence of the RT-PQED
responsivity, a power-stabilized, collimated and linearly polar-
ized laser beam was used. The laser system is described in
[17]. The measurements were carried out at four wavelengths:
400nm, 515nm, 680nm, and 800 nm. Figure 5 gives a sche-
matic diagram of the optical setup of these measurements.

The spatial profile and beam quality of the laser was optim-
ized by using a spatial filter. The optimum beam shape for
the angular and uniformity measurements would be a flat-top,
because of its steep edges that cause less unwanted effects of
beam walking than the broader edges of a Gaussian beam.
Nevertheless, to achieve a flat-top beam with sufficient con-
trast (>1 x 10%%), a high loss of laser power would have been
the consequence. Therefore, the spatial filter was adjusted to
achieve a Gaussian-like beam profile. Knife-edge measure-
ments along two orthogonal directions showed no significant
differences for the beams at the different wavelengths within
the standard deviation of these measurements. The beam radii

vy v @
TiSa 3 3 P LPC FR T
\ /N
'3 3' ' ) RT—PQED)
SH SF N

Figure 5. Schematic diagram of the optical setup of the angular
dependence measurements. The red and green lines depict the
optical path from the two laser sources. The RT-PQED was placed
on a rotary table. TiSa—titanium-sapphire laser, SHG—second
harmonic generator, P—polarizer, LPC—Ilaser power controller,
FR—Fresnel rhomb, SH—shutter, SF—spatial filter, BS—beam
splitter, D—feedback diode.

(1/€®) were between 0.7mm and 0.9mm. The power level
of the laser was below 60 pW and a bias voltage of 5V was
applied to the RT-PQED photodiodes.

To measure the angular dependence in two orthogonal
planes, the RT-PQED was rotated around the x- and y-axes
(figure 1) which are in plane with the entrance aperture of
the detector (approximately 40mm in front of the photodi-
odes assembly). This position for the rotational axis has been
chosen as the intention of this measurement was to estimate
the acceptable divergence angle of a radiation field that could
be measured with the RT-PQED fitted with an apperture for
radiometric or photometric applications.

The measurements were done from +3° to —3° angular
displacement, where angular displacement means the angle
spanning between the optical axis of the laser beam and the
virtual optical axis within the RT-PQED as shown by the blue
arrows in figure 1.

The photocurrents of the two photodiodes were meas-
ured individually. For the analysis of the data, the values of
the photocurrents measured from the two photodiodes are
summed, corrected for dark signal and drift and compared to
the measurement at 0° angular displacement.

Figure 6 shows the results from the angular-dependence
measurements. For the measurements at 515nm and 680nm,
only slight signal deviations are observed which are within
the aimed uncertainty range of 100 ppm. The results of the
measurements at 400 nm and 800 nm show larger variations.

One possible cause of this behaviour could be the wave-
length-dependent reflectance of the RT-PQED. At around
400nm, the reflectance increases rather steeply, so changes
of e.g. £0.5 nm of the centre wavelength during the meas-
urement could cause changes in the reflectance and thereby
measured signal of approx. 50 ppm’ [10]. At around 680 nm
and 800nm the change of reflectance would be an ordner of
magnitude lower if the wavelength changed by +0.5 nm. At
around 515 nm, the change in reflectance would even be below
1 ppm.

Further possible reasons for the—in this case alleged—
wavelength dependency of the angular dependence are the
quality of the beam shape and spatial (non-)uniformity of the
RT-PQED’s responsivity. In combination with the movement

7 Prior to the measurements, the laser had been tuned to the particular center
wavenlength. During the measurements the laser wavelength was not moni-
tored. Changes of the center wavelength can, therefore, not be excluded.
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Figure 6. Results of the angular-dependence measurements. The
relative deviation of the measured photocurrent as a function of
angular displacement from the center position (0°) is given. The
blue bullets show the results from the rotation around the y-axis
(“y-rotation’) for the s-polarized (light blue) and the p-polarized
(dark blue) beam. The diamonds show the results from the rotation
around the x-axis (‘x-rotation’) for the s-polarized (orange) and
the p-polarized (red) beam. The error bars represent the type A
uncertainty of five repeated measurements.

of the beam across the photodiode area during the angular
dependence measurements, this could cause results as seen in
figure 6.

The spatial uniformity of the responsivity of this RT-PQED
has been measured before [18] at a different optical setup. For
these measurements, a circular area of approx. 6 mm times
6 mm has been scanned with a laser beam at A = 488 nm. The
1/¢* beam diameter was approx. 1.2mm and the laser power
approx. 200 uW. A bias voltage of 5V has been applied to
the RT-PQED photodiodes. The responsivity changes across
the scanned area are below 100 ppm. So the uniformity is

658

Figure 7. Schematic diagram of the optical setup of the
polarization dependence measurements. The red and green lines
depict the optical path from the two laser sources. The RT-PQED
was attached to a special rotation unit to ensure that the RT-PQED
is rotated around the optical axis without moving the beam along
the RT-PQEDs photodiodes surfaces. TiSa—titanium-sapphire laser,
SHG—second harmonic generator, P—polarizers, SH—shutter,
LPC—Ilaser power controller, L—lens with f = 800 mm, BS—beam
splitter, D—feedback diode.

less likely to cause the variations in the angular dependence
measurements.

Even though the spatial profile of the beam has been tested
by simplified knife-edge measurements, it cannot be excluded
that there were artefacts in the beam quality, which might lead
to these deviations of around 100 ppm.

Nevertheless, the observed deviation of the signal as a
function of angular displacement is rather low and at the level
of around 100 ppm for angles +2° throughout the investi-
gated spectral range from 400nm to 800nm. Regarding the
initial motivation to estimate the acceptable divergence angle
of a radiation field, a maximum divergence of 2° is therefore
recommended.

3.4. Polarization dependence

As mentioned before, the general approach of the RT-PQED
is to minimize any external and internal losses. Nevertheless,
although the multiple absorption between the two photodi-
odes significantly reduces losses by reflection, the remaining
losses are still in the range of a few ppm up to few hundreds
of ppm, depending on the wavelength. Therefore, a correction
is needed for these remaining losses. The expected values for
the remaining reflectance were calculated by Sildoja et al [10]
as a function of wavelength and the state of polarization of the
light source.

To validate these calculations and thereby the feasibility of
the correction, the polarization dependence of the responsivity
of the RT-PQED was tested at different wavelengths. For this
experiment, a laser beam with highly linear polarization was
used and the RT-PQED was rotated around the optical axis of
the laser beam (z in figure 1) to change the relative orienta-
tion between the laser beam polarization of the laser beam
and the photodiode surfaces of the RT-PQED. Figure 7 gives
a schematic diagram of the optical setup that was used for the
polarization dependence measurements.

Figure 8 shows the course of the summed photodiodes sig-
nals as the RT-PQED is rotated, with the example of the laser
wavelength being 680nm. As expected, the signal decreases
when the polarization of the beam changes from p to s, as
the reflectance is higher for s-polarized light leading to higher
losses.
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Figure 9. Calculated values of the difference between signals from
p- and s-polarized radiation (A,,). The experimentally determined
values are given in blue bullets. The error bars represent the type

A uncertainty. The modelled values as calculated by Sildoja et al
[10] are given as a solid orange line. The dotted lines represent the
uncertainty of the modelled values.

To compare our experimental results to expected values
from the modelling by Sildoja et al [10], the relative differ-
ence A, between the signals measured with s- and p-polarized
light was calculated and compared to the expected difference
of reflection for s- and p-polarized light. Figure 9 shows A
as a function of the wavelength as determined experimentally
(blue bullets) in comparison to the expected values based on
the modelling (orange line). The experimental values are in
agreement with the modelled values within the uncertainty of
the model and the experiment.

3.5. Bandwidth dependence

As it applies to any other reference detector, the course of the
spectral responsivity s(A) of the RT-PQED with wavelength \
and, thus, the bandwidth dependence of an RT-PQED signal
must be accounted for when it is used to calibrate a radio-
metric or photometric detector. For such calibrations, both
detectors (reference and device under test) are irradiated with
radiation of finite bandwidth. If the spectral responsivity s(\)
of a detector varies nonlinearly within the bandwidth of the
radiation, the apparent spectral responsivity of this detector
will be bandwidth dependent.

Figure 10 shows a scheme to illustrate this effect. If s(\)
shows linear behaviour (dashed blue line), the measured
responsivity will not depend on the spectral bandwidth of the

F il nm
———0.1 nm
A
2 [~
ﬁ "\..\..\.
'\-.
\"\..\
A B -..._..\
ey~
B4 B eI \ - -
...... = -
I A

Figure 10. Schematic diagram to illustrate the bandwidth
dependence caused by nonlinear variation of a photodiode’s spectral
responsivity s(\). The blue and red curves show possible courses of
this spectral responsivity. The marks A and B represent estimated
values of s(Ag) that would be determined with a bandwidth of
0.1nm (A) or 1.0nm (B).

incident optical radiation. For a nonlinear course of the spec-
tral responsivity (dotted red line), measurements with a spec-
tral bandwidth of 1 nm would mistakenly lead to lower values
for the measured responsivity around the centre wavelength
Ao as measurements with a 0.1 nm bandwidth.

To experimentally test the bandwidth dependence of the
RT-PQED, the irradiance Epggp measured by the RT-PQED
was compared to the irradiance measured by a reference
trap detector Ey;. The spectral responsivity of this reference
trap detector is traced back to the cryogenic radiometer and
the bandwidth dependence of this reference detector is suf-
ficiently known. The bandwidth A\ of the radiation sources
used was limited by a monochromator to 0.1 nm, 0.3 nm, 1 nm,
1.5nm, 5nm and 10nm. The measurements were taken at
around 500nm, 700nm and 900 nm. For each spectral range,
the irradiance was measured at three wavelengths 1 nm apart.
The tuning of the wavelength was performed to additionally
check for a possible effect of ds(A)/d\ in combination with
the different bandwidths. Figure 11 gives a schematic diagram
of the optical setup that was used for these measurements.

The three centre wavelengths were chosen due to the pro-
gression of the spectral responsivity s(A) of the RT-PQED.
As can be seen in equation (1), the spectral responsivity s(A)
is the sum of the linear term based on the photoelectric effect
and the potentially nonlinear losses induced by reflection
(p(N\)) and internal quantum deficiencies (0(X)). At around
500nm, losses by reflection are at a minimum [10] and the
course of s(\) is expected to be rather linear. At around
700nm, the reflection losses increase, which might lead to
nonlinear behaviour of s(\) and thereby bandwidth depend-
ency. At around 900 nm, reflection losses decrease and losses
by internal quantum deficiencies are at a high and increasing
level [9], which also might lead to the nonlinear behaviour of
s(A). The spectral responsivity of the reference trap detector is
known to be linear in all these three spectral ranges.

Figure 12 shows the results for the measurements at around
700 nm and bandwidths of 0.1 nm, 0.3nm and 1 nm. The graph
shows the deviation of the ratio Ert/Epoep compared to the
particular mean value of Ert/Epgep. The error bars repre-
sent the standard deviation from the mean of five to twenty
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The spectral bandwidth was limited by the width of the monochromators exit slit. TiSa—titanium-sapphire laser, P—polarizer, LPC—Ilaser
power controller, D1—monitor photodiode, D2—feedback diode of the LPC.
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Figure 12. Deviation of the ratio of the irradiance E,.; measured
with the reference detector and Epgrp measured with the RT-PQED.
The spectral bandwidth was set to 0.1 nm (blue circle), 0.3nm (red
square), and 1 nm (green diamond). The error bars represent the
type A uncertainty.

repeated measurements. The rather low optical power behind
the monochromator for the 0.1 nm bandwidth measurement
leads to a deterioration in signal-to-noise ratio.

As can be seen in figure 12, the irradiance ratios meas-
ured with the reference trap detector and the RT-PQED are
in agreement within the associated standard deviation for all
bandwidths and the stepwise scanned wavelength range. The
measurements with higher bandwidths and at the other wave-
lengths revealed the same results. That means, no indication
for bandwidth dependence of the RT-PQED spectral respon-
sivity has been observed for the investigated spectral ranges
(around 500nm, 700nm and 900nm) and for bandwidths
ranging from 0.1 nm to 10 nm.

4. Discussion and conclusion

This paper presented results from the experimental char-
acterization of predictable quantum efficient detectors that
are used at room temperature. The aim of the measure-
ments was to investigate the linearity of the responsivity,
the dark signal and the noise performance of the RT-PQED,
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and to validate modelling results of the RT-PQED perfor-
mance. This validation was done with regard to polariza-
tion-, angular- and bandwidth-dependent performance. The
overall aim of these measurements was to investigate the
feasibility of the RT-PQED to be used as a primary standard
for optical power with the focus on applications in photom-
etry and radiometry.

The responsivity of the RT-PQED photodiodes becomes
nonlinear at irradiance levels around 1W m~2. To extend the
range of linear performance, a bias voltage can be applied to
the photodiodes. In the case of a 5V bias, the linear range
of the responsivity is extended to about 40W m~2 and could
be further extended by higher bias voltages for applications
with higher radiant power. As is commonly expected, the bias
voltage increases the dark photocurrent of the RT-PQED pho-
todiodes. If no bias voltage is applied, the dark photocurrent is
comparable to standard trap detectors and the noise equivalent
powerisbelowl x 10"°AHz %3 andevenl x 1071 AHz %3
if the RT-PQED is cooled to temperatures below 10 °C. To
summarise, the dynamic range of the RT-PQED was charac-
terised in two regimes: the detector biased with 5V voltage
and unbiased. The signal-to-noise-ratio of 1 x 10** under
1 s integration time was used to define the lower limit of
the dynamic range while its upper limit was defined by its
non-linearity reaching the level of 100 ppm. In biased (5V)
regime, the resulting dynamic range of the RT-PQED spans
from 0.07W m~2 to 40W m~2 while the dynamic range in the
unbiased mode is from 70 uW m 2 to 0.4W m 2.

The experimental results from the polarization-depend-
ence measurements agree with the predictions by model-
ling within the aimed uncertainty level of 100 ppm. The
bandwidth-dependent measurements revealed no signifi-
cant bandwidth dependence. The RT-PQED showed angular
dependence at some wavelengths which was not expected.
Possible reasons for this performance are the wavelength-
dependent reflectance or the beam quality, even though it was
optimized. Nevertheless, the observed angular dependence
of the RT-PQED does not exceed the level of 100 ppm for
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incident angles £2° for all measured wavelengths. Therefore,
it is regarded to be negligible for applications with radiation
fields of a divergence lower than 2°, which is fulfilled by most
of the standard photometric and radiometric applications.

The results from all these characterization measurements
are a strong indication of the predictability of such a detector,
within the aimed 100 ppm uncertainty level. Overall, the
results presented in this paper are promising for the use
of RT-PQED as an easy-to-use and cost-efficient primary
standard for optical power. The results from the investigation
of the RT-PQEDs polarization, angular and bandwidth
dependence show the high potential for using the RT-PQED
as a primary standard for applications in radiometry and
photometry.
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