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Abstract

This thesis gives an overview of the Predictable Quantum Efficient Detector designed to
measure optical radiation with theoretical relative uncertainty of 1 ppm (parts per million). The
device is based on two custom made large area induced junction silicon photodiodes arranged
in awedged trap structure. High internal quantum efficiency of the photodiodes is achieved by
means of reverse bias voltage and low operating temperature close to 77 K. The external losses
are minimized by multiple reflections between the photodiodes. Low losses allow the PQED to
work as an ideal quantum detector whose spectral responsivity is determined purely by the
fundamental constants A, ¢, e and vacuum wavelength 1. The remaining minor charge carrier
and reflectance losses are predictable using physical modelling. Thus the responsivity of the
PQED can be predicted entirely if the geometrical structure of the detector and material
parameters of the photodiodes are known. These properties classify the PQED as an absolute
detector which does not require calibration against any other radiometric primary standard.

The prototype PQED was compared against present primary standard - the cryogenic
radiometer - at the wavelengths of 476 nm, 532 nm and 760 nm at room temperature and at
liquid nitrogen temperature. Comparisons showed that the uncertainty of the predicted
external quantum deficiency of the PQED was within the expanded uncertainty of the
measured quantum deficiency of about 60 ppm to 180 ppm determined by the cryogenic
radiometer at both temperatures. These results indicate that the responsivity of the PQED is
highly predictable and its uncertainty is comparable with the uncertainty of conventional
cryogenic radiometer. Such data provide evidence that the cryogenic radiometer operated close
to 10 K temperatures may be replaced by a PQED operated at room temperature.

The advantage of the PQED is its simple operation which is comparable with any other silicon

based photodetector whereas its optical radiation detection uncertainty is comparable with
expensive and sophisticated cryogenic radiometer.
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1. Introduction

Radiometry and photometry describe and quantify the optical radiation
properties in a systematic manner by defining the associated quantities and
units. After the redefinition of the unit of luminous intensity (candela) in
1979 [1] all the radiometric and photometric quantities in the International
System of Units (SI - Le Systéeme International d’Unités) are based on the
optical power expressed by the unit of watt. For radiometric quantities this
is simple to understand by the fact that the intensity of any electromagnetic
radiation is expressed through the energy it carries. By the 1979 definition
of candela the photometric quantities are linked with their related
radiometric quantities. This is done by defining the photometric base unit
candela at a single frequency (corresponding to the wavelength of about
555 nm) and taking into account the responsivity of the average human eye
using the luminous efficiency function V(1) at other wavelengths. Such
definition of the candela means that the accuracy of any optical
measurement quantified by the associated SI unit depends on the accuracy
of optical power measurement. For that reason the optical power (i.e.
radiant flux) is considered as an essential quantity and the community of
radiometry and photometry continuously develops methods to improve the
determination of radiant flux.

The radiant flux can be determined generally by two methods. Either the
source of the radiation is well characterized and the spectral properties of
the emission can be determined through system parameters or the
sensitivity of the light measuring detector is known and expressed through
some measurable quantity. To assure an unbroken chain of dissemination
of the optical power scale, any radiometric source or detector needs to be
calibrated against a standard traceable to a primary device. The primary
radiometric standard does not require calibration against any other
radiometric standard and is thus called absolute. The properties of an
absolute optical power standard need to be such that the radiating or
detecting properties of the device can be calculated purely by physical laws
based on fundamental constants and/or parameters independent on the
produced or detected radiation.



Absolute standards based on sources are such as black-bodies [2-4] or
synchrotron radiation sources [4-6]. There are also developments of single
photon sources based on the correlated photon technique [7-8]. Such
quantum based method of defining the absolute source is a fundamentally
new approach in the field of source based radiometry and research on its
applicability is still on-going [9].

Detector-based standards divide into thermal detectors such as electrical
substitution radiometers and photon-to-electron converting detectors such
as silicon photodiodes. The beginning of contemporary high accuracy
optical radiation measurement era can be considered as the parallel
development of the low-temperature electrical substitution radiometer —
the absolute cryogenic radiometer [10] — and the self-calibration technique
of silicon photodiodes whose responsivity was traceable to fundamental
constants [11]. Both of these developments base on the idea of linking the
optical power scale with the response of an absolute detector.

1.1 Absolute detector-based techniques of optical power
measurements

1.1.1  Optical power scale based on quantum detectors

The most common quantum detectors used in optical radiometry are
silicon based photodiodes. Before 1980’s the silicon photodiodes have been
mainly used as transfer standards traceable to blackbody radiation or
electrical substitution radiometer [12].These methods resulted at best with
the uncertainty of 0.1 % and required substantial efforts to achieve such
uncertainty level [13]. Typical calibration of a silicon photodetector yielded
uncertainty of more than 1 % [14]. In 1979 Geist [15-16] proposed that the
advanced knowledge of the physics of the silicon material will allow
development of analytical models to predict the quantum efficiency of
silicon photodiodes by linking the responsivity of the photodiode to
fundamental constants and wavelength. Soon after that a self-calibration
technique emerged showing that commercially available silicon based
photodetectors can be used as absolute detectors with standard uncertainty
as low as 0.05 % [11].

The idea behind the self-calibration method is to measure the internal
quantum deficiency (IQD) - defined as one minus internal quantum
efficiency (IQE) - by applying bias voltages so that the losses due to
recombination of charge carriers are suppressed and the IQE will reach its
saturation. The difference of the responsivities with and without the bias
voltages is then a direct measure of IQD and it shows the deficiency from
the ideal photon-to-electron conversion.



There are two main recombination regions in the conventional diffused
pn-type silicon photodiodes for which different bias voltages have to be
applied to reduce the recombination. The first is in the SiO,/Si surface and
the second is in deeper layers of the bulk after the depletion region [17]. To
reduce the bulk recombination a reverse bias is applied which increases the
depletion region from micrometer range to tens of micrometers and
improves the charge carrier collection efficiency in the volume. The surface
recombination due to minority carriers is reduced by applying oxide bias
voltage via a transparent conductive layer of weak boric acid. It was
assumed that after the removal of the thin solution layer the photodiode
regains its conventional properties. The results of self-calibration technique
were encouraging and some national metrology institutes realized their
primary optical power scale based on this method [18]. Unfortunately it was
discovered that the quantum efficiency of the photodiode decreased after
applying the oxide bias technique making the self-calibration method less
favourable for realizing silicon pn-type photodiodes as absolute detectors
[19-20].

The problems of oxide bias measurements were somewhat alleviated
with the usage of induced junction photodiodes by Zalewski and Duda [21].
Their prototype 4 -element detector showed 0.999 + 0.002 quantum
efficiency within wavelengths from 400 nm to 700 nm and was titled as
100 % quantum efficient detector. To achieve uniformly high quantum
efficiency throughout given wavelengths, reverse bias voltages of 1.5 V to
50V had to be applied. Longer wavelengths required higher bias voltages
increasing to more than 100V at 800 nm. Such high bias voltages
introduced a problem of the increased dark current which sets limits to the
lower end of usable power levels, especially at longer wavelengths. The shift
towards induced junction photodiodes allowed abandoning the oxide bias
technique but the need for reverse bias remained. Detectors based on
Zalewski and Duda original design were also commercialized and for some
time they were industry standard detectors [22]. Nevertheless the
marketing problems stopped the availability of these devices and a
competing technology based on cryogenic radiometry combined with trap
detectors usually equipped with high quality Hamamatsu S1337-1010
photodiodes diminished the need for these detectors. Trap detectors based
on S1337 diodes are further discussed at the end of this section.

A technique of hybrid self-calibration by Jarle Gran et al [23] has recently
advanced. This method implements both, purely relative measurements
and a self-calibration technique. The method has shown to be capable
realizing absolute scale based on silicon trap detectors within standard
uncertainty of 0.04 %. The oxide bias method to determine the front region



losses was replaced with relative measurements against spectrally flat
pyroelectric detector. This measurement provides spectral shape of the
detector which can be used to fit the front region losses. Similar approach
is used to estimate the rear surface losses. The hybrid self-calibration
method, however, involves four steps of measurements to characterize the
detector and has not gained wider attention in the radiometry community.
In all of the above cases the loss term associated with the reflectance was
reduced by combining three or more photodiodes into a light trapping
structure [21-22,24]. An example of a three element reflection trap is

shown in Figure 1.

Figure 1. Trap detector consisting of three photodiodes. Five reflections and varying planes of
incidences make this type of detector polarization independent.

The low reflectance of such device could be measured either at a single
wavelength (laser based source) or derived from single photodiode
reflectance measurements in the wavelength region of interest (usually
monochromator based source). A more advanced approach to estimate the
reflectance at extended range of wavelengths (UV-VIS-NIR) was to apply a
physical model of thin film analysis [25-26]. This requires the knowledge of
the layered structure of the used photodiodes and the associated material
parameters (indices of refraction). The structure of all silicon photodiodes
is similar which allows analogous analytical approach if products of
different manufactures are to be used. The method is to determine the
thickness of the silicon dioxide which covers the bulk silicon and is the only
thin film layer to be considered in the analysis. The model uses Fresnel
equations and interfering multi-reflected beams within the oxide layer
[27-28]. After measuring the reflectance at one or several laser wavelengths
the oxide thickness could be determined and the reflectance at the rest of
the wavelengths was calculated relying on the oxide thickness gained by the



model. This approach proved to be successful since model predictions were
reliable and initial few measurements were easy to carry out.

In 1991 Fox introduced the concept of Hamamatsu S1337 silicon
photodiode based transfer standard whose responsivity was highly
predictable when calibrated against high accuracy primary standard only at
a few discrete wavelengths [24]. Though S1337 based detectors are not
absolute, they have quantum efficiency which is close to unity and their
spectral responsivity is calculable throughout wavelengths of about 380 nm
to 1000 nm. Such trap detectors, as they are called, are almost ideal
transfer standards and their implementation in the optical power
measurements has been of enormous importance. The successful
development of the quantum efficiency model combined [29-31] with
calculable reflectance losses allowed easy adoption of the trap detectors
since the rest of the properties generally ascribed for an ideal relative
spectral response standard were met: response over active area is uniform
[32], linear [33-34] and stable with time [24]. Furthermore, the produced
photocurrent has good signal-to-noise ratio and short time constant. All of
this is obtained without applying a reverse bias voltage to the photodiodes.
Those favourable properties have made possible to use trap detectors both
as primary and secondary standards realizing both radiometric and

photometric scales in many NMI-s [35-40].

1.1.2  Optical power scale based on thermal detectors

High accuracy optical radiation measurement using thermal detectors
started with the development and realization of the absolute cryogenic
radiometer (CR) in 1980’s by NPL [10]. The original device was built for
accurate estimation of the Stefan-Boltzmann constant [41], but with few
modifications the device could be used also for precise optical radiation
measurements. The principle of a cryogenic radiometer (Figure 2) is to
measure the equivalent power of a radiation and an electric current. The
absorbing element in the radiometer is intermittently heated by the two
sources. Both sources produce a thermal gradient in the absorbing cavity.
The measurable power introduced by electric current can then be adjusted
such that the temperature rise is equal to that of incident optical radiation.
Based on heating current measurement the optical power can be
determined.

Low temperatures in the range of 4-15 K are used to suppress the
background radiation by shielding the cavity from room temperature; to
prevent losses due to Joule heating of leads by using superconductive wires;
to increase the thermal diffusivity of copper for uniform heat flux and for
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possibility to use large low reflectance cavity; to limit the thermal radiation
of the cavity to minimum level, plus operating in vacuum eliminates the

convective heat exchange [42].
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Figure 2. Example of a liquid helium cooled cryogenic radiometer. Figure from [43].

Typical CR allows optical radiation to be detected within standard
uncertainty of 0.005-0.01% [10,30,43-47] but the continued
development of these devices has reduced the uncertainty below 0.003%
[48, V].

Conventionally the optical power scale of CR is transferred to secondary
standards often realized by trap detectors as described in section 1.1.1.
These trap detectors are usually equipped with commercially available high
quality 10 x 10 mm? silicon photodiodes. The purpose is to deliver the high
accuracy of CR at discrete wavelengths to a continuous wavelength range by
the method of interpolation. First the trap detector is calibrated with CR at
selected wavelengths and then its responsivity is extended to other
wavelengths using similar analytical methods as originally used in self-
calibration technique, i.e. the internal and external losses of the detector

are calculated based upon physical models [29-31].

The calibration of trap detector transfer standards with CR increases the
uncertainty to the typical value of 0.01— 0.02 % [24, 45, 49]. There are
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many aspects in the increase of the uncertainty but one is related to the
principal differences how these devices are functioning. CR is spectrally flat,
i.e. it measures the power of the radiation irrelevant of the wavelength.
Photodiodes on the other hand convert photons to charge carriers. The
measured photocurrent depends on the radiation power and also on the
wavelength. To perform high accuracy calibration of trap detector against
CR requires that the irradiation wavelength is precisely known. This is only
achievable with fully monochromatic narrow bandwidth laser lines.
Another criterion for reliable scale transfer is the stability of the light source.
Laser beams can be stabilized to the order of ten ppm, but monochromator
based sources do not reach such low stability. Monitor detector correction
is not sufficient here due to the large time constant of CR. Also the effect of
stray light is dissimilar for detectors with spectral responsivities of different
shape. All of these aspects would be alleviated if the primary and secondary
standards would be both based on solid state detectors.

The process of calibration requires a sophisticated control mechanism to
operate the CR and trap detector in a combined manner as shown in Figure
3. Majority of the components are involved in the control mechanism of the

CR.

Optical

and Setup
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Figure 3. Example diagram of the CR measurement instrumentation used in NIST. The elements
surrounded by the box are inside the CR Dewar. Most of the controlling apparatus is required
for operating the CR. Such complex instrumentation is typical for all CR system. See also Figure
14 showing the simple instrumentation setup if the primary standard is realized with a solid
state detector. Figure taken from [46]

Though the CR has some advantages - e.g. spectral flatness and wide
wavelength range — its operation is expensive and initial investment into
equipment is rather large. Handling of this equipment requires qualified
personnel familiar with the specific CR. Additionally, CR based
measurements are time consuming due to long preparation time required

to cool down the cavity either by using liquid nitrogen and liquid helium or
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by applying mechanical cooling. Another disadvantage of the CR is its poor
transportability. Usually the CR, vacuum pumps, cooling equipment and
dedicated electronics occupy large amount of laboratory space.

There are clear needs for simpler calibration methods either to transfer
the optical power scale to photodiode-based secondary standards which are
portable and easily configurable into various measurement setups or
develop a primary standard which itself is comparable with the operability
of transfer standards. This ambition has again raised interest towards the
original development of absolute detectors based on induced junction
photodiodes. The objective of this work is concentrated on the new
advancements of the induced junction photodiodes and to study the
applicability of a quantum detector based on such photodiodes as primary
standard in optical power.

1.2 Progress of the work

This thesis gives an overview of the development and analysis of the
Predictable Quantum Efficient Detector - a new high-accuracy optical
radiometer based on custom made induced junction silicon photodiodes.

After the proposal of using the custom made induced junction
photodiodes in precise measurements of optical radiation [50], it became
evident that the optical losses in the planned detector have to be
considerably smaller than in contemporary trap detectors. A reduction from
0.3 % (3000 ppm — parts per million) to below 0.01 % (100 ppm) was
required. First an analysis was carried out to estimate what are the lowest
theoretical levels of specular reflectance that can be achieved using only a
single large area photodiode [publication I]. Calculations showed that at
Brewster angle the reflectances can be reduced down to 9o ppm to 2 ppm
on selected visible wavelengths of p-polarized light. This method required a
thick oxide layer of the order of 3um on top of silicon to act as
antireflection coating on multiple wavelengths. A hemispherical mirror was
proposed to cover the photodiode to control the diffused part of the
reflectance.

A more efficient way to reduce specular reflectance at all visible
wavelengths was proposed in [publication II]. The low level of reflectance
was achieved using photodiodes in a wedge-like trap structure so that
multiple reflections take place before the light escapes the detector. The
assembly of the photodiodes so that they face each other had the advantage
of collecting also the small fraction of scattered light though it was found
that the diffuse reflectance from such photodiodes is a minor effect.
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Analytical estimation showed that photodiodes with oxide-thicknesses of
around 100 nm will be the best to achieve the lowest reflectances. Such a
thin oxide thickness was favoured compared to the um range outcome of
the single photodiode calculation due to the fact that growing a thermal
oxide is a time consuming process.

The advanced modelling of internal quantum deficiency (IQD) of the
produced PQED photodiodes in [publication III] predicted that as low as
1 ppm charge carrier losses are achievable at liquid nitrogen temperatures
at shorter than 600 nm wavelengths of visible light and below 100 ppm at
wavelengths between 600 nm and 720 nm. The predictions were also
promising at room temperature where the uncertainties of internal losses of
photodiodes were estimated to be below 90 ppm over all visible
wavelengths.

Publication IV describes the structure of the induced junction
photodiodes, covers the design of the prototype PQED and estimates the
predicted responsivity at liquid nitrogen and at room temperature. The
estimated responsivity includes the measurements and calculations of the
reflectance losses combined with the predictions of internal losses of
publication IIT and gives thorough uncertainty analysis for the results.

The prototype PQED was compared with the present primary standard of
optical power - the cryogenic radiometer - at the wavelengths of 476 nm,
532 nm and 760 nm. The results are reported in Publication V showing the
agreement of measured values with the predicted results within the
expanded standard uncertainty at 95 % confidence level. This article
addresses also the non-linearity and spatial uniformity of responsivity of
individual induced junction photodiodes showing that they are highly linear
and that their spatial uniformity is comparable with the high quality
commercially available silicon photodiodes.

Usually the PQED is operated in a sealed chamber, such as a cryostat, and
the transmission of the light into the chamber is achieved using p-polarized
collimated beam through a Brewster-angled window. Publication VI
analyses the reflectance losses and related uncertainty of the room
temperature PQED without a window under the illumination of varied
polarization of light. The outcome was that simple photocurrent ratio
measurement of individual PQED photodiodes predicts the effects of
polarization through which the reflectance can be estimated. This allows
light sources with any polarization to be used and still maintain similar low

uncertainty that was previously available only for p-polarized light.
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2. Predictable Quantum Efficient
Detector

The responsivity of any quantum detector can be expressed using
fundamental constants of e, h, ¢ and the vacuum wavelength A. If the
detector would be ideal no losses would occur and the listed constants
would describe entirely the ideal responsivity Ry(1) =elA/h of a
photodetector. This comes from the principle that each absorbed photon
produces exactly one charge carrier in the detector. Photon carries an
energy of hv = hc/A. If photon is absorbed it adds an elementary charge e
to the electric current. The energy carried per unit time by the photons is
described by the optical power whereas the amount of charge carriers per
unit time is expressed by the produced photocurrent. The responsivity of a
quantum detector is thus given in units of amperes per watt. In reality no
detector is perfect and losses take place. These losses can be divided as
reflectance losses and charge carrier losses or external losses and internal

losses. Equation (1) describes the responsivity of a real photodetector,

Ry =2 [1— p(DI[1 = D1+ g(D)], (1)

where e is elementary charge, h is Planck’s constant, c is speed of light in
vacuum and A is the irradiation wavelength in vacuum. The loss/gain
corrections in square brackets are reflectance — p, charge carrier losses — 6,
and quantum gain — g. The quantum gain describes a rare situation where
the built-in voltage in the photodiode accelerates charge carriers and due to
impact ionization secondary carriers are produced. It is many of orders of
magnitude weaker contribution than the loss corrections and thus it is often
neglected in calculations [50-51]. As seen from equation (1) the responsivity
of a photodetector can approach the responsivity of an ideal quantum
detector if the loss corrections are minimized to zero. This raises the
question if the losses in advanced quantum detectors can be reduced
sufficiently so that the optical powers measured with such detectors can
approach or even surpass the accuracy of the present primary standard. In
the following this is discussed in more detail showing that remarkably low
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level losses can be obtained using custom made induced junction
photodiodes so that the uncertainty of the responsivity is of the same order
of magnitude as the absolute values of the loss corrections and are
comparable with the uncertainty of a cryogenic radiometer.

2.1 Induced junction photodiodes and charge carrier losses

Induced junction photodiodes are high efficiency silicon-based
photodetectors where the presence of natural surface charge in silicon
dioxide is used to generate the electric field inside the bulk silicon [52].
These photodiodes have many advantages as compared to the regular
diffused junction photodiodes to suppress the charge carrier losses.

Sufficiently thick oxide layer holds enough positive charge to produce an
n-type inversion layer and therefore also to generate a depletion region
close to the SiO./Si boundary in low-doped p-type silicon (Figure 4). Low
doping concentration of the order of ~10™ - 103 cm3 has a major role of
suppressing the bulk recombination losses and is required to balance the
charge distribution for proper generation of the depletion region. The
closeness of the depletion region to the SiO./Si boundary helps to avoid
surface recombination, which is a significant loss term in regular diffused
pn - junction photodiodes at short visible wavelengths. To extend the
depletion region deeper into the substrate, around tens of micrometers
[17, 51], a reverse bias voltage of 5 V to 20 V is applied. This helps to collect

charge carriers generated by the lower energy photons of the visible range.

Guard Oxide layer Metal electrodes
\ ‘ Su/rfacestate charge / l \
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n* diffusion . ‘ _
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! |
Induced n-type inversion layer p-substrate

Figure 4. Simplified cross-section of the developed induced junction photodiodes (not to scale).
For reflectance loss calculations, also a nanometer range mixture layer of SiOz and Si at the
oxide - silicon interface and a top layer of ice-like water on SiO2 are used, but not depicted here.
(Publication IV).

The efficiency of the surface charge generation in the oxide depends on
the processing methods and oxide growing temperatures but also on the
thickness of the SiO, layer [52, 53]. Reportedly oxides thicker than 70 nm
should produce enough surface charge so that the inversion condition is
fulfilled and the processed silicon chip works as a photodiode [21, 52]. We
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found that at the used doping concentrations this conditions was not true
and oxides thicker than 100 nm have to be used. The exact selection of
oxide thicknesses is discussed in the next section as this affects also the
reflectance properties of the detector.

An additional option to improve the charge carrier collection is to lower
the temperature of the photodiode. At low temperatures the charge carrier
transport is affected less by lattice vibrations allowing photon-generated
electrons and holes to move inside the semiconductor with reduced losses.
Preliminary modelling by Geist et al [50] showed that the temperature of
liquid nitrogen is sufficient to suppress the charge carrier transport losses
to the level of 1 ppm. The temperature of 77 K is considerably easier to
reach than the 4 K- 15K range where the cryogenic radiometers are
operated.

Thorough modelling of the internal quantum deficiency was carried out
with PC1D solar cell software [54]. Similar software was used in the original
Geist et al. work in 2003. Since the PC1D approach is one dimensional, a
more sophisticated 3D Synopsys Sentaurus! was used to compare the
results of the two software packages. It was found that PC1D predicts three
to ten times lower losses than the 3D software [51]. This is most probably
caused by the fact that PC1D cannot estimate the charge carrier losses close
to the SiO,/Si interface. Comparison of two software packages led to the
conclusion that simple one dimensional approach to predict the IQD of an
induced junction photodiode is sufficient, but for reliable uncertainty
estimation the results of PC1D have to be multiplied by ten. Figure 5 depicts
the predicted IQD at room temperature and at 77 K showing that at low
temperature internal losses and their uncertainties smaller than 1 ppm can
be obtained at wavelengths from 400nm to 600nm. At longer
wavelengths the absorption coefficient of silicon decreases so that the
charge carrier generation happens beyond the depletion region. This
explains the fast increase of IQD in red and near-IR wavelengths. At room
temperature, where the absorption coefficient is four to nine times larger at
shown wavelengths, the wavelength dependence of the absorption

coefficient allows almost constant IQD at all visible wavelengths.

1 Access to Synopsys Sentarus software was limited during the work.
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Figure 5. Predicted internal quantum deficiency (IQD) of an induced junction photodiode at the
temperatures of 300 K and 77 K with reverse bias voltage of 5 V. The dashed lines show
standard uncertainty mainly caused by the reliability of the PC1D software. (Publication III).

2.2 Reflectance losses

2.2.1  Specular reflectance

The specular reflectance of a silicon based photodiode is in the order of
30 % [28] at normal incidence. One option to reduce the reflectance below
100 ppm or even 1 ppm, i.e. to the level similar of the predicted IQD, is to
use a wedged trap configuration so that incident light will reflect multiple

times between the two photodiodes (Figure 6) before escaping the detector
[ 22, 55-57, I1].

(a) (b)

Figure 6. Wedged trap structure reducing specular reflectance: (a) using 7 reflections and (b)
using 9 reflections between the photodiodes.

Figure 6 shows the beam path inside 7 - and 9 - reflection trap detectors,
indicating also the angle between the photodiodes. The angle f between the

photodiodes is calculable using the following equation
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b=

(2)

where n denotes the number of reflections.

In the alignment process sufficiently high laser power can be used so that
the back reflection becomes observable. For that purposes it is beneficial to
have the reflected beam to nominally follow a similar path as the incident
beam. By adjusting the incoming and outgoing beams close to each other
the PQED can be aligned properly in the measurement system. Correct
positioning of the PQED assures that reflectance losses are similar and
predictable when repeating the experiments.

It is desired to have the reflectance of the detector as small as possible
with minimum number of reflections. High number of reflections increases
the required size of the active area which will have an impact on the cost of
the photodiodes. A more favourable approach is to tailor the oxide
thickness on top of silicon so that it behaves as an antireflection coating.
Further reduction in reflectance can be made if p - polarized light is used.
This condition is usually met since the light polarized in the plane of
incidence is required also for high accuracy measurements with cryogenic
radiometers.

Calculations show that favourably low level of reflectance is achieved over
all visible wavelengths when oxide thicknesses of around 300 nm and
220 nm are used for the upper and lower photodiode, respectively (see
Figure 6). Figure 7 shows the reflectances of such 7 - and 9 - reflection traps
in several orientations of polarization plane indicating significantly lower

reflectance at p - polarized light.
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Figure 7. Reflectance of (a) 7-reflection and (b) 9-reflection PQED showing the dependence on
the polarization of the incident beam. Using seven reflections and p-polarized light, reflectance
below 60 ppm can be achieved over most of the visible wavelengths. Nine reflections will
further decrease the reflectance by a factor of about 10. (Publication VI).

Publications II, IV and VI give a thorough overview of the reflectance

properties of the wedged-style trap, estimating also the uncertainties
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caused by the material parameters and construction tolerances of the trap
(publications IV and VI).

2.2.2 Diffuse reflectance

Reflectance of a surface is defined as the ratio of the reflected intensity I,

relative to the incoming intensity I, as given in equation 3,

p=a. 3)

Intensity I, contains both specular and diffuse parts of the reflectance. The
models of specular reflectance for silicon photodiodes have been proven to
predict the total reflectance losses with an uncertainty of 2 - 10-3[28] using
Fresnel equations. That accuracy has been sufficient to predict reflectance
losses of transfer standards meaning that the magnitude of the diffuse
component is sufficiently small compared to the specular component so
that most of the time it can be neglected in the reflectance loss term of the
trap detectors based on silicon photodiodes.

As shown in the previous section the IQD of induced junction photodiodes
is argued to be predictable with an uncertainty below 1 ppm. The
multireflection trap of Figure 6 can reduce the specular part of the
reflectance to similarly low level. Such small value of reflectance requires
also accurate estimation of the diffuse component. This can be reliably done
using an experimental approach described in section 2.4.4. Even if the
diffuse reflectance of a single photodiode is larger than 1 ppm, the design of
the wedge trap structure where the photodiodes face towards each other
and cover a large solid angle may help to reduce the effect of diffuse
reflectance losses to sub ppm level.

2.3 Predicted responsivity

Equation (1) in the beginning of section 2 describes the responsivity of a
quantum detector. There the combination of factors [1 - p(1)] and [1 - §(1)]
describes the external quantum efficiency (EQE) of the detector, where p(4)
is the reflectance loss and §(4) is the internal quantum deficiency. Since
p(A) and 6(A) are sufficiently small the EQE can be written as 1 - p(1) - §(1).
It is convenient to use the term external quantum deficiency (one minus
EQE) to estimate the efficiency of the incident photon to electron
conversion. Then the net effect of loss terms p(1) + §(1) describes the
fractional part of the photons which do not produce charge carriers in the
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measurement circuit. This is also the basis for the predicted responsivity,
which is related to EQD as

By (D) = 1= 28 = p(2) +5(2), @

where A,(4)is the predicted external quantum deficiency, Ry(4)is the
predicted responsivity of the PQED and R,(4) is the responsivity on an
ideal photodetector.

The uncertainty of the predicted responsivity depends on the uncertainty
of the wavelength and the uncertainties of the components of the EQD, i.e.
the reflectance and IQD. For a stabilized monochromatic light source the
wavelength can be determined with an accuracy better than 1 ppm [51, 58].
The uncertainties due to calculated reflectance and IQD are determined by
the accuracies of the physical models and the uncertainties of the material
parameters used in these models [publications III-IV]. The uncertainty of
the calculated reflectance can be further reduced by directly measuring the
reflectance using a rather conventional measurement setup [publication IV].
An uncertainty of 1 % in reflectance of 100 ppm would still be sufficient to

determine the relative uncertainty of the responsivity within ~1 ppm.

2.4 Prototype PQED and characterization

2.4.1 PQED photodiodes and detector structure

The custom-made induced junction photodiodes were produced using
lightly p - doped <111> oriented silicon wafers of thickness of 525 pm. The
measured doping concentration of boron was about 2x102 cm 3. The
photodiode active area is surrounded by three metal contact rings
(Figure 8). The photocurrent is registered via the innermost and outermost
contacts through which also the bias voltage is applied. The intermediate
‘guard’ is used, when necessary, to suppress the noise due to surface
leakage, which may be relatively large in p-type materials as compared with
n-type materials. The guard ring is then connected to the common ground
which is also the ground potential of the bias voltage.

The prototype PQED was realized using the 7-reflection trap configuration
in order to facilitate the alignment and use the advantage of slightly higher
reflectance during reflectance loss measurements as compared with the
o-reflection trap. Higher reflectance was not considered as a drawback
since it can be estimated with an uncertainty close to the predicted charge

carrier losses.
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Figure 8. Processed PQED photodiode mounted of the PCB board. Photocurrent is registered
using the U.FL connectors. Same contacts are used to apply the bias voltage. The small
4-channel switch routes signals between contacts and allows using different operational modes,
when necessary. (Publication V).

2.4.2 PQED photodiode uniformity

The uniformities of spatial responsivity of the PQED photodiodes were
measured using a computer controlled x-y translator at PTB [59, V]. To
maintain the clean environment and to be able to carry out measurements
also at low temperatures, the photodiode was installed into a liquid
nitrogen cryostat. The Brewster window and the cryostat were attached to
each other using a flexible bellows. This enabled the movement of the
cryostat without changing the position of the window to cancel the effect of
the non-uniformity of the Brewster window.

The measurements were carried out at the wavelength of 760 nm by
moving the laser spot row by row in 0.5 mm steps across the photodiode
surface. A reference measurement at the central area of the photodiode was
used to normalize the photocurrents for each row to correct any other effect
than the fluctuations in the laser power. The stability of the laser intensity
was monitored and later corrected with a trap detector.

The uniformity of the spatial responsivity is described as a standard
deviation relative to the central area for the photodiode. For the photodiode
with 220 nm oxide thickness it was around 0.045 % whereas for the 300
nm oxide photodiode it was around 0.060 %. The results given here are for
10 V reverse bias to maximise the effect of the internal quantum efficiency
though results at lower reverse bias voltage of 5V were very similar
[publication V]. The reported spatial uniformities are comparable with
uniformities of high quality commercially available photodiodes such as
Hamamatsu S1337.
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Figure 9. Example of the relative uniformity of responsivity of the PQED photodiode with the
oxide thickness of 220 nm. Scanning was done at room temperature with laser wavelength of
760 nm. Figure from [59].

Figure 9 shows an example of the spatial uniformity of the photodiode
with an oxide thickness of 220 nm indicating a slope-like structure in the
spatial responsivity. Smooth change in responsivity is explainable with the
possible slope in the oxide thickness expected to be present in thermally
grown oxides. A variation of about 0.8nm in the oxide thickness
corresponds to a change in the relative responsivity of 0.25 % shown in
Figure 9 in the inner part of the photodiode. Similar variations in the oxide
thickness have been measured with ellipsometric technique [60]. This
shows that the spatial non-uniformity of responsivity is strongly related to
the non-uniformity in the oxide thickness and indicates the high spatial
uniformity of charge carrier generation within the PQED photodiode.

A change of 1 nm in oxide thickness affects the responsivity of the
7-reflection PQED by less than 3 ppm over most of the visible wavelengths
increasing to about 10 ppm at short visible wavelengths around 400 nm.

2.4.3 PQED photodiode non-linearity

The linearity of the PQED photodiodes was measured with a setup
described in [61] with modifications to adapt the stabilized DFB laser
(760 nm) into the measurement system. Measurements showed no
significant non-linearity within the standard uncertainty of 30 ppm up to
photocurrents of 160 pA (~250 uW at 760 nm). Figure 10 shows the results
of the linearity measurement of the PQED photodiode with an oxide
thickness of 300 nm. The non-linearity of a photodiode with an oxide
thickness of 220 nm showed similar behaviour.
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Figure 10. Non-linearity of a single PQED photodiode with oxide thickness of 300 nm. The
measurements were performed at the room temperature with reverse bias voltage of 5 V.
Photocurrents were measured up to currents of 160 pA (~250 uW) at the irradiation
wavelength of 760 nm. Within standard uncertainty of 3 x 10-5 no non-linearity was detected.
A photodiode with an oxide thickness of 220 nm was also measured at
higher power levels up to 1 mW. It was discovered that the photodiode
becomes noticeably nonlinear at photocurrents of ~400 pA (approximately
600 uW at 760 nm). A thorough analysis of the PQED photodiode spatial
uniformity characterization and non-linearity measurements is given in

publication V.

2.4.4 PQED measured specular and diffuse reflectance

Specular reflectance of an assembled PQED was measured at the
wavelengths of 476 nm, 488 nm and 532 nm. Comparing the measured
results with the modelled values indicates a few ppm smaller values as
expected. Figure 11 shows the graph of the predicted reflectance with
standard uncertainty estimation and the measured reflectances at selected
wavelengths.
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Figure 11. Measured (dots) and calculated (continuous line) reflectance of the 7-reflection
PQED at room temperature. The uncertainties of measurements are smaller than the dot sizes.

Dashed lines indicate the standard uncertainty of calculations due the material parameters,
alignment and geometrical tolerances. (Publication 1V)

The values of the measured reflectances are 29.8 + 0.2, 22.8 + 0.4 and
6.62 + 0.05 ppm at the vacuum wavelengths of 476.4 nm, 488.1 and 532.3
nm, respectively. The corresponding modelled values are 33.4 + 12.5, 27.5 +
9.2 and 10.7 £ 4.0 ppm, respectively. The uncertainties are given at the
95 % confidence level. The measured reflectances are determined with
significantly lower uncertainty and thus these values at the corresponding
wavelengths were used in the calculations of the predicted IQD.

The effect of the probable ice growth on top of the photodiodes at low
temperature due to evaporating water from the cryostat walls was
estimated at the temperature of 77 K by long term measurements over 60 h
at the wavelengths of 488 nm and 532 nm. The ice growth is difficult to
avoid using vacuum systems with lowest pressures of 10-¢ mbar [62] and
especially when the chamber is repeatedly exposed to laboratory air due to
the development phase of the photodetector. The cryostats housing the
PQED detectors were also non-bakeable prohibiting reduction of the
amount of the trapped water molecules inside the vacuum chamber.

Oscillating patterns of reflectance agree with measurement reports where
water vapour at low temperatures is intentionally introduced into the
vacuum chamber [63-65]. These reports also claim that the growing ice is
highly transparent and uniform without producing significant scattering at
liquid nitrogen temperatures.

The variation of reflectance at low temperatures increased the standard
uncertainty of the predicted quantum efficiency by about 5— 8 ppm except
at short wavelengths around 400 nm where the standard uncertainty

increased to 50 ppm (publication IV).
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The diffuse part of the reflected light at room temperature was estimated
by measuring the scattering from a processed silicon wafer which was only
exposed to a clean room environment [66]. The equipment used in this
measurement is routinely used for silicon wafer scattering measurements at
the collaborating company Okmetic Oy. The measurements revealed low
level of scattering of the order of 0.05 ppm on the photodiode active areas
and slightly increased scattering of 0.5 ppm on the implanted electrodes.
These values demonstrate highly clean surfaces of PQED photodiodes and
indicate that the diffuse component in reflectance is sufficiently small.

Publication IV gives in depth characterization of the PQED reflectance.
The results obtained therein were used to estimate the responsivity and

internal quantum efficiency of the PQED.

2.4.5 PQED measured responsivity

The responsivity of the PQED was measured using two different cryogenic
radiometer systems, one at PTB [V] and one at CMI [47, V]. At PTB the
advantageous structure of common Brewster window for CR and PQED
helped to reduce the uncertainty due to the losses when the propagating
beam goes through the window. At CMI a more conventional method was
used where the CR and PQED were compared by interchanging the
detectors in front of the beam. Both the CR and PQED had their own
Brewster windows in the CMI experiments. The wavelengths used at PTB
measurements were 532 nm and 760 nm, whereas at CMI only 476 nm was
used. A more detailed description of measurement systems and the related
uncertainties are given in publication V, where tables 2 and 3 list the major
uncertainty components of the two CR measurement systems used to
validate the predicted responsivity of PQED.

External quantum deficiency of the PQED is validated by comparing the
predicted EQD (see eq. 4) with the measured EQD A,,, (1) as described by
equation (5),

_ 1 _Rm@®
An(A) =122 (5)

The measured responsivity R, (1) is obtained by the equation

Iphot(1)
Rm(A) = 250, (6)

where Iyno: (1) is the photocurrent measured with the PQED and P(4) is the

optical power of the same beam measured by the cryogenic radiometer.
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Figure 12 shows the schematic of the PTB system where the PQED and CR
are intermittently aligned into the laser beam using a computer controlled
arc-shaped rail.

Cryogenic

Radiometer PQED

/
T Flexible bellows

Figure 12. PQED responsivity measurement setup at PTB showing the cryogenic radiometer
and PQED on an arc-shaped rail behind the common Brewster window. The magnified section
of PQED shows the photodiode arrangement inside a copper holder (semi-transparent area) for
efficient heat transfer from the cryostat cold finger to the photodiodes.

The measurements were carried out at room temperature and at liquid
nitrogen temperature. First the responsivity dependence on reverse bias
voltage was determined to adjust the bias voltage so that the PQED would
operate in saturated internal quantum efficiency regime. The photocurrent
dependence on the bias voltage was measured at the wavelengths of 532 nm
and 760 nm at room temperature and at liquid nitrogen temperature. At
the wavelength of 532 nm the saturation was obtained already at lower
than -1 V at both temperatures as was for 760 nm at room temperature,
whereas at liquid nitrogen temperature bias voltage lower than -20 V was
required at 760 nm. This result is in agreement with the modelled IQD
indicating sudden increase of charge carrier losses above the wavelength of
650 nm. The reason is the reduced absorption coefficient of silicon at low
temperatures [67, 68] which causes the photons at longer wavelengths to be
absorbed beyond the depletion region deep in the bulk. At room
temperature the bias voltage of -5V is sufficient for saturated quantum
efficiency operation at all wavelengths in the covered range of 400 nm to
800 nm.

The comparison of the measured and predicted external quantum
deficiency of the PQED is shown in Figure 13. The predicted loss described
by the solid line is the sum of the predicted reflectance p(1) and the
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predicted internal quantum deficiency 6 (1). At room temperature the shape
of the predicted EQD is affected mostly due to the spectral reflectance
whereas its uncertainty is high due to the uncertainty of the predicted IQD.
At low temperature the shape and uncertainty of the predicted EQD from
400 nm to 750 nm are affected by the reflectance. The predicted IQD at this
wavelength range is below 1 ppm. At longer wavelengths above 750 nm the
predicted EQD is mostly affected by the increased IQD (see Figure 5) due to
reduced absorption coefficient of silicon. The high uncertainty at these
wavelengths is caused by the combination of the reliability of PCiD

modelling and the uncertainty of the absorption coefficient of silicon (see

publication IV).
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Figure 13. Measured and predicted external quantum deficiency (EQD) at room temperature
and at liquid nitrogen temperature with reverse bias voltage of 5V. Measurements were made
at the wavelengths of 476 nm, 532 nm and 760 nm. The uncertainty bars show expanded
uncertainty in the confidence level of 95 %. The points with dashed uncertainty bars indicate
predicted and measured EQD and their uncertainties at the reverse bias voltage of 20V.

Results in Figure 13 indicate agreement of the predicted responsivity with
the measured responsivity within the uncertainties. Though there seems to

be systematic underestimation of the predicted quantum deficiency the
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measurements show typically below 100 ppm EQD with similar order of
magnitude uncertainty. Somewhat unexpected results are obtained at low
temperatures where the measured EQD is in the same level with the EQD at
room temperature. This on the other hand indicates that an improved
modelling of the IQD with reduced uncertainty is required since that is by
far the largest component in the uncertainty of the room temperature EQD
(publications III-IV). Internal quantum deficiency at the room temperature
is estimated to be below 180 ppm (k = 2) due to recombination losses with a
nominal value of about 10 ppm whereas at low temperature a value below
1ppm is expected. In spite of that the results at room temperature are
comparable with the accuracy of a typical commercial grade CR. This gives
promising indications that calibrations with cryogenic radiometers at
visible wavelengths may be replaceable with PQED devices operated at

room temperature.

2.5 Operability of PQED

The measurement system containing the PQED and a conventional trap
detector at room temperature is comparable with the simple setup of
comparing two trap detectors. A typical measurement scheme is shown in
Figure 14 indicating that only a fraction of the devices is required as
compared to the complicated system needed for CR measurements (see
Figure 3). For photocurrent registration a high accuracy current detection
system is utilized usually consisting of a low noise current-to-voltage
converter (with biasing option for PQED) and digital voltmeter. For precise
alignment and switching of detectors automated translators are used. All of
these devices can be controlled with a computer driven system enabling full

automation of the measurement process.

PQED cVC pvM K—
Trap ﬁ
detector cve bvVM PC

Translator < >Trans|ator <.:>
stages controller

Figure 14. Simple measurement setup transferring the optical power scale from PQED to trap
detectors. CVC - current-to-voltage converter, DVM - digital voltmeter, PC - computer control
of the devices.
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3. Conclusions and outlook

A novel photodetector — Predictable Quantum Efficient Detector (PQED)
— has been constructed and characterised. The PQED is using custom made
lightly doped induced junction silicon photodiodes to significantly reduce
the charge carrier losses mainly caused by the bulk and surface
recombination. Two of such photodiodes are arranged in a wedged like trap
structure to reduce the reflectance losses to similarly low level as internal
losses.

Predictions suggest that with optimal conditions the photon-to-electron
conversion is achievable with losses below 1ppm with similar low
uncertainty at a wide range of visible wavelengths. This requires the
detector operation at liquid nitrogen temperature and within clean
environment preventing any surface contamination of the photodiodes. The
prototype PQED has been designed to closely follow the required
operational conditions to achieve as low uncertainty in the photon-to-
electron conversion process as possible. At low temperature the lowest
external quantum deficiency (EQD) was predicted to be 20 ppm with
10 ppm expanded uncertainty. At room temperature, where the operation
of the PQED is considerably easier, the EQD at the wavelength range from
450 nm to 800 nm was predicted to be below 60 ppm, although increasing
up to 230 ppm due to large uncertainty of IQD. At shorter wavelengths
from 400 nm to 450 nm the predicted EQE was as high as 260 ppm, but
this was caused by the increase in reflectance, whose expanded uncertainty
was typically below 70 ppm. Only at wavelengths below 410 nm the
expanded uncertainty increased above 100 ppm peaking at 400 nm with
the value of 140 ppm. Thus the predicted EQD in room temperature had
rather uniform uncertainty of 120 ppm to 180 ppm (k = 2) throughout all
visible wavelengths caused by EQE whereas the variation in EQE was
caused mainly by the reflectance.

Validation of the PQED has been performed by comparing the detector
against the present primary standard of optical power - the cryogenic
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radiometer (CR). The lowest expanded uncertainty achieved by the
validation measurements was 56 ppm. Within that uncertainty the
predicted and measured EQD of the PQED agreed showing that available
models predicting internal quantum deficiency have become reliable and
sufficiently accurate. Characterization results showed that though the
uncertainty of EQD at room temperature is an order of magnitude larger
than at low temperature the predicted and measured losses agree better at
room temperature operation. Results are comparable with the accuracy of
CR, especially when a joint window of the CR and the calibrated detector is
not used, indicating that calibrations with cryogenic radiometers at visible
wavelengths may be replaceable with PQED devices operated at room
temperature. Developments towards this approach are actively carried out.
A compact room temperature PQED is already in prototyping phase.

There are many improvements to be made to enhance the predictability of
the PQED both at low temperature and at room temperature. For this study
only one-dimensional software PCiD was mostly available. A versatile
three-dimensional software would especially improve the reliability of the
room temperature responsivity values. An improved vacuum system would
reduce the effects causing the time dependence of the reflectance at low
temperature. At long visible wavelengths, where uncertainty of the IQD at
low temperature is large, the improved determination of silicon extinction
coefficient would reduce the uncertainty of the predicted responsivity.

Stability of the PQED is a property to be tested. Regular silicon
photodiodes show drift in responsivity at short visible wavelengths around
400 nm. However the induced junction photodiodes have much smaller
impurity concentration which is believed to be the cause of instability in
diffused photodiodes. For that reason the instability has not been
considered to be significant in PQED detector though further research has
to be carried out.
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