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We have validated optical power measurements with a Predictable Quantum Efficient Detector
(PQED) at liquid nitrogen temperature (77 K) at low optical power from 130 fW to 3.3 pW. Two laser
wavelengths at 514 nm and 785 nm were used. The lowest measured optical power corresponds to a
photon flux of 0.5·106 photons per second (785 nm). The PQED’s responsivity is linear within the
relative measurement uncertainties of 8% at 0.5·106 ph/s and 1.4% at 10·106 ph/s (95% confidence
level), which enables the calibration of other low photon flux detectors directly against a primary
standard of optical power.

1. Introduction

Accurate single photon measurements are in high demand in quantum applications. Photon
counting is essentially required for quantum computing [1,2], cryptography [3,4], low-
intensity bio-microscopy [5], and quantum key distribution [6]. Widely used Single Photon
Avalanche Photodiode (SPAD) and detector arrays based on that are commonly used to
measure optical flux from millions to hundreds of photons per second [7]. Principally, there
are three approaches for such calibration. It can be comparison measurement against
calibrated detector [8–14], source-based calibration [15], or a self-calibration technique [16–
18]. Calibration of SPADs is a challenging task since such single photon detectors cannot be
calibrated directly against Absolute Cryogenic Radiometer (ACR) [19–22] due to insufficient
sensitivity of the latter at such low optical fluxes. This limitation requires to execute several
traceable measurements for SPAD calibration which is demanding in terms of calibration time
and maintenance service of calibration facility. Several traceable measurements affect
calibration uncertainty as well.

Another approach is to apply self-calibration techniques which can be based on photon-
statistics of a nonlinear source [17], squeezed vacuum state of a source [16], or time
correlation of entangled photons pairs [18]. These techniques yield “absolute” calibration
without reference detector and thus traceability to SI which is a strong benefit itself. At this
moment, National Metrology Institutes (NMIs) cannot provide absolute calibrations with self-
calibration methods according to the BIPM Mise en pratique for the definition of the candela
as mentioned in appendix 2 of the SI Brochure, 9th edition (2019) [23].

Two kinds of detectors may act as primary optical standard. ACR is a thermal detector cooled
to cryogenic temperature (< ~20 K). Only limited number of NMIs maintain ACR for absolute
calibrations due to its high purchase cost. In order to provide more convenient calibration
capabilities, NMI community has developed a novel detector which is also acknowledged as
primary optical standard [23]. Predictable Quantum Efficient Detector (PQED) [24,25] is a
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wedge trap detector based on two induced-junction Si photodiodes. Very low reflectance
[26], recombination losses [27], and spatial non-uniformity of tens of parts per million (ppm)
provide predictable responsivity of PQED over visible range which makes it a suitable
candidate for responsivity calibration at low optical power [28]. To overcome the sensitivity
limit of room temperature PQED, the detector can be cooled to decrease the dark current
and its fluctuations.

In this work we executed measurements with the cryostat-based n-type PQED [29] at liquid
nitrogen temperature (77 K) at power levels from 130 fW to 3.3 pW in the visible range to
study its applicability as a reference detector. This photodector with predictable responsivity
at very low incident optical flux can be used for calibration of single photon detectors,
avalanche photodiodes and other low-flux detectors. In addition, we conducted a calibration
measurement of another low photon flux detector based on cooled pn-junction photodiode
by Hamamatsu. We aim to simplify the calibration procedure and shorten the traceability
chain to a primary optical power standard, i.e, to the PQED.

2. Studied detectors

2.1  Cryostat based PQED

PQED is designed to convert every absorbed photon to an electron-hole pair without
recombination losses. The detector thus ideally produces a photocurrent with the spectral
responsivity of R(λ) = eλ/hc depending only on fundamental constants and vacuum
wavelength λ. The real responsivity is based on simulation with a 3D model of charge carrier
recombination losses, which can predict internal losses at the uncertainty level of a few tens
of ppm (parts per million) [30]. The responsivity of PQEDs made of p-type photodiodes has
been confirmed to follow the ideal equation R(λ) = eλ/hc within 100 ppm in comprehensive
comparison measurements against cryogenic radiometers [31]. Furthermore, the responsivity
changes are small when cooling the PQED from room temperature to 77 K.

Previous studies of the n-type PQED at room temperature showed internal losses at a level of
170 ppm at 532 nm [32] and at 785 nm a small increase of internal losses has been observed
[33]. However, the dark current at room temperature is smaller for n-type PQED photodiodes
than for p-type photodiodes, difference is at a level of several nA [28,32]. The dark current of
biased n-type PQED photodiodes can be reduced by several orders of magnitude to pA level
when cooling from room temperature to liquid nitrogen temperature [28].

The detector is based on a PQED made of n-type photodiodes inside a liquid nitrogen
temperature cryostat (Figure 1). The cryostat is pumped with a combination of a scroll pump
and a turbomolecular pump. A radiation shield with 10 mm input aperture is connected
directly to the liquid nitrogen (LN) vessel. The radiation shield encloses the photodiodes and
serves as a cold trap. The photodiode holder is in a copper-to-copper thermal connection with
the LN vessel. The cryostat also contains a charcoal getter to trap permeated gases. A flat
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glass window calibrated against room temperature PQED serves as an entrance window and
ensures airtight connection.

2.2  Low photon flux detector

We used the PQED to calibrate a cooled, low flux photon detector from the National Institute
of Chemical Physics and Biophysics (KBFI). The detector is used in several applications of weak
fluorescence measurements and non-linear spontaneous parametric down conversion
experiments. The detector consists of a commercial Hamamatsu photodiode S1337 with
active area of 5 mm x 5 mm and in-house built switched integrator amplifier (SIA) based on
IVC102 chip from Texas Instruments. The working principle of the integrator-based amplifier
can be found elsewhere [34]. In this case the amplifier is controlled by National Instruments
DAQ board NI USB-6210 using dedicated LabView software. The photodiode is housed in a
small cryostat similar to dewars provided by Infrared Associates and is cooled to liquid
nitrogen temperature. The illumination of the photodiode is through a quartz window.

3. Measurement setup

We performed optical power measurements of the cryostat-based PQED at LN temperature
in the range 130 fW to 3.3 pW at air wavelengths of 514.5 nm (Ar+ laser) and 784.82 nm (single
mode semiconductor laser) with p polarized light (Figure 2). Low optical flux of several
millions of photons per second is achieved by attenuation of the incident laser beam of 2.4
mm in diameter (1/e2) with calibrated high optical density filters. We used two sets of
absorptive filters with antireflection coating to reduce light scattering. These filters were
slightly tilted to avoid interreflections. In addition, we used narrow bandwidth filters for each

Figure 1. Schematic drawing of the cryostat. The radiation shield has an aperture 10 mm in diameter for the
incident laser beam to reach the wedge-arranged photodiodes [29].
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wavelength to isolate the PQED from heterochromatic stray light, baffle sheets, and tubes to
minimize scattered light reaching PQED. With these precautions, dark levels of the current of
the cooled PQED with closed and open inner all metal gate valve were similar when the lasers
were off.  Keysight B2985 electrometer served as the photocurrent measurement device. The
integration time of one reading was 2 seconds, and one measurement round contains 30
photocurrent data readings followed by 30 dark current readings and another 30 readings
followed by 30 dark current readings. Dark current readings were obtained with closed
shutter.

Figure 2. Measurement setup for low flux measurements. Only one laser was used at a time.

The setup of Figure 2 was also used to calibrate the KBFI detector described in Sec. 2.2.
Measurements with the PQED determine the low optical power of the laser beam. Using the
XY translation stage the detectors are interchanged in front of the laser beam and the
response of the KBFI detector is recorded at the nominal position of the PQED.

4. Measurement results

4.1 Linearity measurement

The full optical power of the laser beam was first measured by the PQED without any
attenuation by the filters. A calibrated transimpedance amplifier and sufficient reverse bias
voltage were used for this measurement. Then cascaded filters of known transmittance were
inserted in the beam path to reduce the optical power to the desired range. Low photocurrent
Imeas of the PQED was measured with Keysight B2985 electrometer and divided by the
expected photocurrent Icalc obtained on the basis of the known filter attenuation of the full
optical power. The measurement results at two different wavelengths are shown in Figure 3.

The relative standard uncertainty of 0.35% of Icalc is determined by measurements of filter
attenuation and unattenuated optical power of the laser beam. The transmittance of each
antireflection-coated neutral density filter was measured separately by PQED with calibrated
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transimpedance amplifier. After calibration measurement, filters were not taken off from the
flip stages and not moved laterally or angularly during actual measurement. For several
subsequent measurements of Imeas, the average photocurrent and dark current were stable
within a standard deviation of approximately 5 fA. After moving the PQED with XY translation
stage, the average dark current varied between 30 fA and 60 fA depending on cable bending
and tension. The signal current Imeas was calculated as a difference of photocurrent and dark
current cancelling electrical and straylight biases.  The uncertainty bars in Figure 3 are mainly
caused by repeatability of measurements and electrometer uncertainty. It is seen that PQED’s
responsivity is linear well within the expanded uncertainty.

Figure 3. Ratio of measured and expected photocurrent at different photon flux levels corresponding to optical
power range from 130 fW to 3.3 pW. The error bars are given at 95% confidence level.

4.2 KBFI detector calibration

Calibration measurement of the KBFI detector was carried out at the wavelength of 785 nm
and in the photon flux range from 0.5 to 10 million photons per second (ph/s). We used
Edmund Optics 39-334 passband filter with transmission of 99% at 785 nm. Such a
transmission allows to significantly diminish interreflections between the filter and the
photodiode of 30% reflectance. Baffles of the detectors were moved tightly to the passband
filter and iris behind it to prevent straylight incidence. The amplifier was separately calibrated
against current-source Keithley 263 calibrated by VTT MIKES at nominal current level of 1 pA.

An example of uncertainty budgets for optical power measurement with the PQED is shown
in Table 1 at the photon rate of 0.5 million ph/s corresponding to a signal current of 75 fA. A
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significant uncertainty component is related to repeatability of photocurrent measurements
where the standard deviation of the mean is 1.8 fA after repositioning the PQED and KBFI
detector three times with the XY translation stage. Repeatability is affected by fluctuations in
photocurrent and dark current. This component also includes straylight variations and any
other sources of electrical noise or leakage current. Specifications of Keysight B2985
electrometer give an accuracy of ±(1% + 3 fA) in the used measurement range. This value is
assumed to describe the limits of uniform probability distribution from which the standard
uncertainty is calculated by dividing it with √3.

For the remaining relative uncertainty components in Table 1, window transmittance and its
uncertainty are obtained from a comparison measurement against a similar room
temperature PQED. The responsivity of the n-type PQED has been determined earlier [32].
Spatial responsivity of the cryostat-based PQED was studied at room temperature before
assembling the flat glass window. The expanded uncertainty is calculated using the coverage
factor k = 2.16 obtained from the effective degrees of freedom (DoF) for 95% confidence level.
Similarly to Table 1, the combined relative standard uncertainty and expanded uncertainty
are calculated separately at each photon rate.

Table 1. Uncertainty budget for low optical power measurements with cooled cryostat-based PQED. DoF
denotes degrees of freedom.

0.5 million ph/s
Uncertainty component DoF Absolute uncertainty (fA) Relative uncertainty (%)
Repeatability (n = 3) 2 1.8 2.3
Current measurement ∞ 2.2 2.9
Window transmittance ∞ 0.01 0.01
PQED responsivity ∞ 0.01 0.01
PQED spatial responsivity ∞ 0.002 0.003
Combined relative
standard uncertainty 13 3.7

The calibration results of KBFI detector are shown in Table 2. Nominal responsivity of the
S1337 photodiode is used to record the signal of the KBFI detector. The dominant uncertainty
contribution of the KBFI detector depends on the measured photon flux level: for the two
lowest photon flux levels, the dominant contribution is measurement noise, while the major
contributors at larger photon rates are the uncertainty of calibration of the amplifier and the
uncertainty due to losses on optical surfaces.
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Tabie 2. Results of PQED and KBFI detectors measuring several photon flux levels between 0.5 million ph/s and
10 million ph/s. The measured photon rate of KBFI detector is based on nominal responsivity of the photodiode.

Measured
photon rate with

PQED,
million ph/s

Uncertainty of
PQED,

95% confidence
level

Measured
photon rate of
KBFI detector,

million ph/s

Uncertainty of
KBFI detector,

95% confidence
level

Correction
factor

KBFI detector /
PQED

0.50 8.0% 0.49 5.0% 0.984
1.20 3.9% 1.18 3.7% 0.983
2.41 2.4% 2.40 1.6% 0.997
5.03 1.7% 5.02 1.5% 0.999

10.13 1.4% 10.02 1.5% 0.989

5. Conclusions

We performed a linearity measurement of liquid nitrogen cooled n-type PQED over the power
level from 1.3·10-13 W to 3.3·10-12 W at two laser wavelengths of 514 nm and 785 nm. Results
showed that cryostat-based PQED is linear within the measurement uncertainty. In addition,
a calibration measurement of dedicated low optical flux detector from KBFI at five power
levels was carried out at the wavelength of 785 nm. The calibration results were compared
with the nominal responsivity of the KBFI detector, indicating that both detectors agree well
within the measurement uncertainties, which are approximately 8.0% at 0.5 million
photons/s and 1.4% at 10.13 million photons/s for the PQED at the 95% level of confidence.

At this stage, ripple and drift of the PQED signal and dark current are the main uncertainty
components which can be potentially reduced by improving electrical cabling and grounding
and by suppressing further the straylight, e.g by installing light tight box around the PQED
detector. In overall, LN cooled PQED shows good potential to be a reference detector for
responsivity calibrations at low optical powers of 130 fW and above.
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