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Abstract

The predictable quantum efficient detector (PQED) is a primary standard of optical power, which utilizes two custom-made
induced-junction photodiodes that are mounted in a wedged trap configuration for the reduction of reflectance losses. PQED
photodiodes of p-type and n-type were characterized for their dark current dependence on reverse bias voltage at room
temperature. As simulations predict that the dark current will decrease exponentially with temperature, the temperature
dependence of dark current for the n-type photodiodes was also measured. Two n-type induced-junction photodiodes were
assembled inside a liquid nitrogen cryostat. The results from the dark current measurements indicate that the cooled n-type
photodiodes are suitable for measuring optical fluxes in the few photon regime. A photon flux of approximately 7,000,000
photons per second was measured using the PQED at a cryogenic temperature with a relative standard uncertainty of 0.15%.
The results support the utilization of the PQED as a primary standard of optical power in single and few photon applications.
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1 Introduction

The predictable quantum efficient detector (PQED) is a
primary standard of optical power operating in the visible
wavelength range [1-3]. The PQED consists of two custom-
made induced-junction silicon photodiodes [1, 4] arranged
in a wedged trap configuration. Over the last decade, the
properties of the PQED have been studied comprehensively
[1-3, 5], and the PQED has been applied in various fields of
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optical metrology [6—8]. The characterization measurements
have shown many appreciable properties, such as high-
charge carrier collection efficiency [2, 9], low reflectance
[1], and linear response over seven orders of magnitude [2].
The uncertainty in the predicted responsivity of the PQED
is below 100 parts per million (ppm) [1, 9, 10].

Originally, all PQED photodiodes were based on a struc-
ture of thermally grown silicon oxide (SiO,) on p-type sili-
con [1]. Recently, an alternative structure was demonstrated
[9], where atomic layer deposition (ALD) was used to grow
aluminium oxide (Al,O;) on top of n-type silicon. Two sets
of n-type silicon induced-junction photodiodes were manu-
factured, denoted as set A and B, with respective doping
concentrations of 2.5 x 10! cm™3 and 4.4 x 10" cm™3. In
addition to smaller doping concentration, set A photodiodes
have 16 guard rings, whereas those of set B have only one.
These factors lead to a decrease of dark current by a factor
of five at room temperature for the set A photodiodes when
compared against set B [9].

Improved dark current characteristics play a major role
in low optical flux measurements, as reduced dark current
will increase the signal-to-noise ratio (SNR). Additionally,
simulations have been carried out to determine dark current
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behaviour when cooling the photodiodes down to cryogenic
temperatures [11, 12]. These simulations indicate that the
dark current will decrease exponentially with temperature.
Thus, cooling the PQED would drastically increase the
dynamic range of the PQED, and would enable the PQED
to be used as a primary standard in single and few photon
applications [13].

In this study, we present the design of a cryogenic PQED
consisting of a liquid nitrogen (LN) cooled cryostat fitted
with n-type photodiodes. Dark current dependence on bias
voltage at room temperature is presented for both the n- and
p-type PQED photodiodes. The dark current properties of
the n-type detector in the temperature range of 76-300 K
are also presented. Finally, we demonstrate the possibil-
ity of using the PQED as a primary standard in low flux
applications.

2 Cryostat design

The cryostat and the pumping system used in this study are
similar to those described and characterized in [14]. There-
fore, only a short description is given here.

The schematic drawing of the cryostat design is shown
in Fig. 1. The cryostat is pumped with a turbomolecular
pump together with a mechanical backing pump. A radia-
tion shield enclosing the photodiodes is connected directly
to a liquid nitrogen (LN) vessel and serves as a cold trap.

Radiation
shield
highlighted
in green

Incident
laser

Fig. 1 Schematic drawing of the cryostat. The radiation shield has an
aperture of 10 mm in diameter for the incident laser beam to reach
the photodiodes. The central grey part in the figure serves as the pho-
todiode holder. The dimmed grey part above the holder represents a
thermal connection between the photodiode holder and the LN vessel

The photodiode holder is in a good copper-to-copper ther-
mal connection with the LN vessel to ensure sufficient heat
exchange between them, even under vacuum conditions. The
photodiode holder can also be electrically heated. The cry-
ostat is also equipped with a heatable charcoal getter to trap
permeated gases. In standard operation, a window aligned
in Brewster’s angle is placed in front of the photodiodes.

When mounted to the photodiode holder, the PQED
photodiodes form a wedged trap configuration (see Fig. 2),
similarly to previously characterized PQEDs [1, 3, 9]. The
wedged trap configuration and its properties are thoroughly
studied in [15], and therefore, only a short description is
given. Due to the geometry of the trap structure and the
angle of incidence of the incident beam, a total of seven
reflections occur in the trap before the back-reflected beam
leaves the detector. This structure is calculated to reduce
the reflectance significantly [15], and indeed, the measured
reflectance values are 20-30 ppm [3] and 100-200 ppm [9],
for the p-type and n-type PQEDs, respectively, when using a
laser beam at 488.12 nm wavelength, polarized in the plane
of incidence. Although the reflectance of the n-type detector
is higher than that of the p-type, the reduced dark current
characteristics of the n-type detector were considered to be
more critical in a few photon applications and were thus
chosen for this application.

The cryostat was fitted with two n-type PQED photo-
diodes from set A [9]. These photodiodes were glued to
carrier chips that were manufactured from a silicon wafer.
When cooled, this silicon on silicon structure overcomes the
problems of previous photodiode designs [1] due to deviat-
ing thermal expansion coefficient of the photodiode and the
carrier.

To reduce outgassing from the inner surfaces of the cry-
ostat, it was baked—while pumping—at 333 K for 12 h
before first cooling. When cooled, a vacuum level of around
20 pPa was achieved. Due to the improved vacuum in the
cryostat, there is less ice growth on top of the silicon photo-
diodes [16, 17]. This in turn means that the temporal change

Fig.2 Schematic drawing illustrating the wedged trap configuration
of the photodiodes
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of reflectance observed in [1] is smaller by a factor five, as
reported in [14].

3 PQED dark current

The temperature dependence of dark current of reverse
biased p- and n-type PQED photodiodes has been previ-
ously reported in the proximity of room temperature [9].
In this section, the bias voltage dependence of dark current
for both types of photodiodes at room temperature and dark
current behaviour of the n-type detector when cooled down
to 76 K are studied.

3.1 Room temperature

Figure 3 shows the measured dark current of single p-type
and n-type PQED photodiodes as a function of bias voltage
at 296 K. The photodiodes were thermally isolated from
their surroundings to keep the temperature of the photo-
diodes stable. According to the results, dark current for
the n-type photodiode is about 1.3 nA smaller than for the
p-type at a reverse bias voltage of 1 V. This difference will
further increase with increasing bias voltage, as already
demonstrated in [9].

Also shown in Fig. 3 are fitted curves, for which the dark
currents /; are modeled by combining the Shockley diode
equation [18] with a resistive leakage term V, /R, that is
assumed to be in parallel with the junction. Thus, the fit
equation becomes:

Dark current / nA

-600 400 -200 0

Bias voltage / mV

-800

-1000

Fig.3 Measured voltage dependence of dark current for p-type (red
squares) and n-type (blue circles) PQED photodiodes at room tem-
perature. The solid lines show the fitted curves
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where V) is the applied bias voltage, g is the elementary
charge, k is the Boltzmann constant, and T is the absolute
temperature. The fitted parameters were the saturation cur-
rent [, the ideality factor n, and leakage resistance R,. The
ideality factor, which—among other things—accounts for
carrier recombination, is equal to one in the ideal case. The
obtained values from the fitting are presented for both types
of photodiodes in Table 1.

It is noteworthy that the saturation current /_ is highly
temperature dependent, and therefore, the obtained fit values
are only valid at room temperature. Moreover, Eq. (1) cannot
be used to predict the dark current behaviour of the PQED
when cooled. However, it indicates that the dark current is
governed by a simple system of a near ideal junction and
an additional small resistive leakage term. Furthermore, it
seems that the higher dark current of the p-type PQED is
due to lower parallel leakage resistance rather than higher
saturation current of the photodiode junction.

An accurate value for the photodiodes shunt resistance
can be calculated by taking the inverse of the fitted func-
tion’s derivative at V, = 0 V. The shunt resistance values,
also given in Table 1, are obtained using this method. These
are of the same order of magnitude as the value of 6 MQ
estimated in [6].

3.2 Cooled operation

To measure the dark current as a function of temperature, the
photodiodes were left to warm up from 76 to 300 K while
constantly monitoring the dark current and the photodiode
temperature. The photodiodes were nominally reverse biased
at 5 V. The results, as shown in Fig. 4, indicate that above
240 K, the dark current decreases roughly by a decade for
every decrease of 15 K in temperature. Below 240 K, the
dark current stays fairly constant at around 1 pA, and the
signal becomes very noisy.

The saturation of dark current when cooled may be
explained by an additional leakage component, similar to
that seen in the room temperature measurement. It may be
that the roughly constant leakage current is produced by
the measurement arrangement. Temporal variation of this
leakage component would also explain the increased noise.

Table 1 Obtained values from

P t -t -t
the fitting for saturation current, aramerer  nee bype
ideality factor and leakage I.(nA) 5.31 6.01
resistance, and the calc':ulated 107 1.03
values of the shunt resistances

R, MQ) 2221.42  925.27

R, MQ) 5.14 4.37
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Fig.4 Temperature dependence of the dark current of two set A pho-
todiodes. Reverse bias of 5 V was used

4 Low flux optical power measurement

The measurements were carried out with an identical setup
as described in [9] with the addition of the cryostat on the
XY-translation stage and neutral density (ND) filters for
attenuating the incident laser beam. For measuring the dark
current and low flux photocurrent, the photodiodes were
connected to a precision, gain-controllable, commercial
transimpedance amplifier (TTA).

Two ND filters with nominal optical densities of 3.0
and 4.0 were used to reduce the power of the stabilized
laser beam down to 2.8 pW. This corresponds to roughly
7,000,000 photons per second at a vacuum wavelength of
488.12 nm. While the responsivity simulation of the PQED
assumes reverse bias [10], at such a small power level, the
uncertainty due to non-biased operation is significantly
less than the uncertainty of the measurement [9]. Thus, the
photodiodes were not biased. This increases the SNR sig-
nificantly. In optical power measurement at 76 K and with-
out biasing, a relative standard uncertainty of 0.15% was
achieved within a 5-min measurement period.

5 Conclusions

The dark currents for both p- and n-type PQED photodi-
odes were characterized for bias voltage dependence at
room temperature. As expected, the n-type photodiode
exhibits a smaller dark current when compared to the
p-type photodiode. A model combining the Shockley diode
equation with a parallel resistive leakage term was fitted
to the measured values. The obtained fitted values indicate

that the higher dark current of the p-type photodiode is
due to lower leakage resistance rather than the saturation
current of the photodiode junction.

The PQED photodiodes are expected to have exponen-
tial decrease in dark current with temperature. Two n-type
induced-junction photodiodes housed inside an LN cry-
ostat were characterized for their dark current behaviour
when cooled down to LN temperature. It was observed
that above 240 K, the dark current decreases roughly by a
decade for every decrease of 15 K in temperature. In our
experiment, at temperatures below 240 K, the dark cur-
rent stayed fairly constant at around 1 pA, and the signal
became very noisy. It is possible that noise characteris-
tics, and offset currents and voltages of the measurement
electronics used in this research affected the signal qual-
ity. Further characterization is needed for estimating the
effect of measurement electronics on the measured dark
current. In addition, other measurement techniques, such
as the switched integrator amplifier [19], could be utilized
instead of the conventional transimpedance amplifiers.

The n-type photodiodes, cooled down to 76 K, were
also used to directly measure the photon flux of roughly
7,000,000 photons per second at the wavelength of 488.12
nm. The photon flux was obtained by attenuating a sta-
bilized laser beam with two ND filters. With no reverse
bias, a relative standard uncertainty of 0.15% was achieved
within a 5-min measurement period. This result indicates
that the PQED could be utilized as a primary standard for
optical power in the few photon regime. As stated previ-
ously, temporally varying leakage current could affect the
measurement results. Furthermore, the effect of reverse
biasing on responsivity of the detector at low optical fluxes
needs to be verified to gain further improvement in the
measurement uncertainty.
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