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1. Introduction 

The recently introduced Predictable Quantum Efficient Detector (PQED) [1-

4, I] enables high-accuracy measurements of optical power in the visible 

wavelength range. The compact, cost-effective and easy-to-use primary detector 

greatly facilitates traceable measurements in radiometry and in other 

applications where absolute radiant power scale is needed, such as in 

photometry and in radiation thermometry. 

This thesis reviews the development and characterization of the PQED 

operated at room temperature. In addition, applications of the PQED are 

discussed, especially the benefits of using PQED in photometry of light-emitting 

diodes (LEDs). 

1.1 Background 

Radiometry is the field of metrology related to the measurements of 

electromagnetic radiation [5-11]. In the most general sense, it comprises the 

theory, instrumentation, standardization and terminology used to describe and 

quantify the whole electromagnetic spectrum. In practice, however, the term is 

often limited to measurements of visible, infrared (IR) and ultraviolet (UV) 

light. Unlike radiometry, which concerns solely the physical properties of optical 

radiation, photometry measures light as perceived by a human observer [9-12]. 

The two fields are closely connected, as photometric quantities are obtained 

from their radiometric counterparts by applying spectral weighting with 

spectral luminous efficiency functions [13-14]. These functions, defined by the 

International Commission on Illumination (Commission Internationale de 

l´Eclairage, CIE), correspond to the relative spectral responsivity of an average 

human eye in different lighting conditions. In practice, the weighting is done 

with the aid of photometric filters, the transmittances of which closely follows 

the spectral luminous efficiency functions. 

The earliest detection methods of light – if the ones based on visual perception 

are excluded – were thermal, meaning that they sensed the heating effect of 
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optical radiation. The first efforts in quantitative measurements of light are 

usually accredited to Bouguer, who made the earliest discoveries of the 

exponential nature of absorption in 1729, and to Lambert, who few decades later 

demonstrated and formulated the exponential absorption law, inverse square 

law and the cosine law for ideally diffuse surfaces or radiators [6, 7, 15]. In 1830, 

Nobili invented the radiation thermocouple, and few years later, together with 

Melloni, developed its successor, the radiation thermopile [6, 7, 15, 16]. These 

are often considered to be the first practical radiometers. First absolute 

detection methods of light were developed independently by Ångström [17-18] 

and Kurlbaum [19] in the 1890s. These are based on the electrical-substitution 

principle, where the heating due to optical radiation is compared with a 

substituted amount of electrical heating. 

Another principle of operation for an optical detector is the conversion of 

photons to charge carriers; this type of detectors are called quantum detectors. 

The photovoltaic effect, i.e. the generation of voltage or current in a material 

when exposed to light, was first observed by Becquerel in 1839 [5, 7, 15, 20]. It 

is closely related to the photoelectric effect, discoved in 1887 by Hertz [5], where 

electrons are ejected out of the material upon illumination. Theoretical 

foundations for both phenomena were laid down by Einstein in 1905 [21], when 

he described the light as composite of discrete quanta, later coined photons. The 

construction of the first working solar cell utilizing the photovoltaic effect is 

often attributed to Fritts for his discoveries in 1883 [20, 22], though earlier 

examples exist. First silicon based photovoltaics were manufactured by Pearson, 

Chapin and Fuller in the mid-1950s [7]. 

A major milestone in the history of metrology was the introduction of the 

International System of Units (Système international d'unités, SI) in 1960 [23-

25], which has since become the global basis of traceable measurements. 

Originally the SI base unit of luminous intensity, the candela, was defined in 

terms of standard sources. In 1979, it was redefined by linking it to the 

radiometric quantity radiant flux [9, 25-26] that is expressed by the unit watt. 

The radiant flux, also referred to as optical power, can be realized using absolute 

radiation sources or detectors. The latter can be divided into thermal detectors 

and quantum detectors. Source-based realization methods, on the other hand, 

comprise of Planckian radiators [8, 9, 29-31], synchrotron radiation [8, 9, 31-

36], and photon pairs produced by parametric down-conversion [8, 9, 37-40]. 

For the few photon regime, primary methods utilizing other quantum 

techniques are also being studied [41, 42].  
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The absolute methods having the highest metrological qualities are 

considered to be primary methods [8, 43-45]. More specifically, a primary 

method measures or outputs a quantity in such a way that it is directly linked to 

fundamental constants or other SI units of lower uncertainty. Currently, the 

lowest uncertainties of radiant flux are achieved with the cryogenic electrical 

substitution radiometer (CESRs) [9, 46-51]. This thermal detector has been a 

seminal instrument since its inception in late 1970s throught early 1980s. A 

typical standard uncertainty that is achieved with a CESR is around 100 parts 

per million (ppm) [52], while uncertainties below 40 ppm have been reported 

[2, 47-49, II]. Consequently, over a wide spectral range, the absolute radiant 

power scales of most national metrology institutes (NMIs) are traceable to 

CESRs [53-54]. However, due to the operation near the temperature of 10 K, 

these instruments are complicated to operate and expensive to obtain and 

maintain. Furthermore, as compared to quantum detectors, they are large and 

have relatively small dynamic range and slow response. 

1.2 Predictable Quantum Efficient Detector 

The PQED is a promising alternative to the CESR and other primary techniques 

mentioned above. It utilizes custom-made induced junction photodiodes [1, 55, 

II], which are mounted in a light trapping configuration in order to reduce 

reflection losses [56, 57, I, II]. Using one-dimensional (1D) modelling of the 

photodiode, the responsivity of the PQED has been predicted with an estimated 

standard uncertainty of 70 ppm in the visible wavelength range [1, 62, 63]. This 

result has been experimentally confirmed with measurements against 

CESRs [2]; the results indicated that the calculated and measured responsivities 

agree at the 95 % confidence level. 

Up until now, all manufactured PQED photodiodes [1] have had a structure of 

thermally grown silicon oxide (SiO2) on top of p-type silicon (Si) substrate. The 

detector industry, on the other hand, uses mostly n-type substrates. Therefore, 

the availability of a specific type of lightly doped p-type silicon wafers – oriented 

in the uncommon <111> direction that is required to optimize the induced 

junction – can be problematic. In addition, the thermal growing process, due to 

operation at temperatures around 1000 °C, is expensive and increases the risk 

of contamination. Fortunately, other materials and manufacturing processes 

can be used to produce the induced junction structure [58-61]. The feasibility of 

these alternative approaches to be used in manufacturing PQED photodiodes is 

an important research topic. 
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The PQED has many advantages over primary methods discussed above, such 

as low investment and maintenance cost, linearity over seven orders of 

magnitude [2], compact size [I, II] and convenience of use similar to typical trap 

detectors [64-67]. Moreover, the PQED provides uncertainties comparable to 

the CESR even when it is operated at room temperature. In addition to 

radiometry, the PQED has been exploited in photometry [68-69, III], and it is 

also listed as a primary method in the mise en pratique (“practical realization”) 

for the definition of the candela and associated derived units [70]. Other 

applications include fibre optic power measurements [71] and absolute 

radiation thermometry [72]. There is also an on-going research to combine two 

independent primary detectors into one artefact by operating the induced 

junction photodiode of the PQED both as a thermal and as a quantum detector 

[73-76]. This arrangement would link radiant flux to fundamental constants 

through two very different routes, thus strengthening the radiometric link 

within the SI system. 

Assessing the energy-efficiency of lighting solutions is an essential task of 

photometry. The global phase-out of incandescent lamps during the past decade 

has arguably been the biggest revolution in lighting since the invention of the 

light bulb. As a result, energy-efficient, sustainable and cost-effective LED 

lamps have become very popular in general lighting. However, this trend is 

problematic for the photometry community for number of reasons. Firstly, 

incandescent lamps are widely used as measurement standards in photometry 

[9-12, 77, 78], but their availability is no longer guaranteed. Secondly, as 

compared to incandescent lamps, the LED lamps are complicated to measure 

[68, 69, 79, 80, IV], due to their complicated and narrow spectral and angular 

distributions and challenging electrical properties. Furthermore, the use of 

incandescent lamps as photometric standards is unfavourable if the lamps that 

are being measured are mainly LED-based [68, 69]. Fortunately, as the spectra 

of LED lamps is mostly limitted to visible wavelength range, a new PQED-based 

realization method of the photometric units can be exploited [III]. The method 

is unique, as it does not utilize any photometric filters. 

In many of the applications, the PQED is used with an aperture, the area of 

which needs to be known accurately. For example, the aperture area is one of 

the main sources of uncertainty in PQED-based realization method of the 

photometric units [68, IV]. Several mechanical [81, 82] and optical [83-91] 

techniques for determining the area of an aperture have been developed. In 

addition, the aperture areas can be compared using spatially uniform irradiance 

sources [81, 92, 93]. All these methods require that the PQED and aperture 
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assembly is dismantled for the aperture area measurement. This produces a 

significant risk of either contaminating the PQED or damaging the sharp 

aperture edges. Furthermore, the alignment of the aperture is not identical in 

the aperture area measurement and the actual application with the PQED, 

which introduces an additional source of uncertainty. 

1.3 Thesis outline 

The concept of the using a silicon photodiode as a primary detector is 

overviewed in Chapter 2. Chapter 3 focusses on the PQED as a compact primary 

standard that is operated at room temperature. It includes the characterization 

of the existing p-type PQED [I], and the design, manufacturing, modelling and 

characterization of a new type of PQED based on induces junction photodiodes 

that are manufactured using n-type silicon substrate. These photodiodes have 

an aluminum oxide (Al2O3) layer on top of silicon, which is grown using atomic 

layer deposition (ALD) [II]. 

The PQED based method for the realization of photometric units [III] is 

presented in Chapter 4. In the method, a precision aperture is used in front of 

the PQED. In addition, a new optical method for the determination of the 

aperture area that is attached to the PQED is presented in Chapter 4 [IV]. 

Diffraction calculations for the PQED and aperture assembly are also presented. 

Finally, conclusions are drawn in Chapter 5. 

1.4 Scientific contribution 

The thesis contains the following novel scientific results: 

 

Publication I. A compact room temperature PQED was designed and many 

detectors were assembled using p-type induced junction photodiodes. 

A nitrogen flow system was developed, which prevents dust and moisture 

contamination of the photodiodes when the detector is operated without a 

protective window. The detectors were characterized for spatial uniformity of 

responsivity and photocurrent ratio, specular reflectance, and spectral 

responsivity. It was demonstated that the trap structure improves the spatial 

uniformity of responsivity by an order of magnitude as compared to single 

photodiodes, and that the internal quantum efficiencies of the photodiodes are 

spatially uniform within 50 ppm peak-to-peak variation. Moreover, it was 

shown that the deviations in responsivity and reflectance between individual 

PQEDs are very small, indicating that the manufacturing of the photodiodes and 
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detector mechanics is very consistent, and that the room temperature PQED has 

the properties required for a high-quality primary standard.  

 

Publication II. A new type of PQED – first ever to utilize n-type silicon 

substrate and Al2O3  layer grown using ALD – was designed, manufactured and 

modelled. Similar characterization measurements as in publication I were 

performed. A novel method to obtain fixed charge and surface recombination 

parameters for the three-dimensional (3D) modelling was developed. It was 

demonstrated that the n-type induced junction photodiode is a very promising 

alternative to p-type detectors, having the merits of low and temperature-

invariant dark current, linearity up 4 mW radiant flux and spatial uniformity 

within 30 ppm peak-to-peak variation. Thus, it was proven that manufacturing 

of the PQEDs is no longer dependent on the availability of a certain type of very 

lightly doped p-type silicon wafers. Furthermore, as the new type of PQED 

utilized different materials, manufacturing process, mechanics and modelling, 

the obtained results bring additional credibility to the concept of modelled 

quantum detector serving as a primary standard. 

 

Publication III. A novel PQED-based method for the realization of 

photometric units was developed, which greatly simplifies the traceability chain 

of the photometric realizations with reduced uncertainty. Moreover, the method 

completely eliminates the need to use V( ) filters. Instead, the photometric 

weighting is taken into account numerically by measuring the relative spectral 

irradiance. The author is unware of any other realization methods of 

photometric units that do not utilize V( ) filters. The new method is applicable 

to all light sources, whose spectral irradiance is limited to the region where 

PQED has predictable responsivity. Illuminance values of a blue and a red LED 

were determined using the new method and a conventional reference 

photometer. The obtained values were congruent and showed much lower 

standard uncertainty for the new method. 

 

Publication IV. An upgrade to an optical method for direct determination of 

aperture area was developed, where superposition of equally spaced Gaussian 

laser beams is used to form a uniform irradiance distribution. In the new 

method, the aperture and detector assembly does not have to be dismantled for 

the aperture calibration, which reduces the risk of dust contamination and 

damaging of the sharp aperture edge significantly. Moreover, the uncertainty 

due to aperture alignment is decreased since the geometry is identical in both 
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the laser scanning of the aperture area and in the actual measurement. The 

author is unaware of any other aperture area measurement method, which can 

be applied to an aperture that is attached to a detector. Numerical diffraction 

calculations were applied to the geometry of the PQED and aperture assembly. 

The obtained results indicate that the diffraction effects are mostly insignificant 

for the assembly, despite the small acceptance angle of the PQED. 
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2. Primary methods based on silicon 
photodiodes 

2.1 Basic principles 

The spectral responsivity of a quantum detector is given as the ratio of produced 

photocurrent to incident flux. In the ideal case, exactly one elementary charge e 

is collected for each incident photon. Since a photon at the vacuum wavelength 

 has the energy hc/ , where h is the Planck constant and c the speed of light in 

vacuum, the ideal spectral responsivity becomes [9] 

hc
eR0 .    (1) 

However, the responsivity of any practical detector – affected by reflectance 

losses, ( ), and the internal quantum deficiency (IQD), ( ) – is given as [9] 

110RR .   (2) 

The combined effect of the two is called external quantum deficiency (EQD). 

The IQD consist of components due to absorption and transmittance losses of 

photons and recombination losses and gains of charge carriers. The reflectance 

losses, on the other hand, can be divided into specular and diffuse components. 

Typically the diffuse component is signicantly smaller than the specular, and 

there are also techniques to reduce its magnitude [56, 94, 95]. The specular 

reflectance of a single photodiode can be reduced with Brewster-angle operation 

[94] or surface nanostructuring [61]. In accurate radiometric detector, however, 

the most common method to reduce the spectral reflectance losses is to arrange 

several photodiodes in a trap configuration [56, 64-67].  

Both the diffuse and specular reflectance can be directly measured [1, 3, 4, 64, 

95, I, II]. Thus, if the IQD of a quantum detector is predicted using fundamental 

principles and the knowledge of some physical parameters – ultimately 

traceable to SI units – the practical quantum detector can used as an absolute 
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radiometric standard. This concept was first proposed by Geist in 1979 [96] and 

studied extensively throught the 1980s [97-103].  

2.2 Conventional silicon photodiodes 

Conventional silicon photodiodes are manufactures by introducing dopants to 

the substrate, either by diffusion or implantation methods [103-106]. In a 

conventional photodiode, the recombination occurs principally at two regions: 

at the front surface of the photodiode and in the bulk beyond depletion region 

[98, 106, 107]. In a so-called self-calibration method [97], these recombination 

effects are measured by applying bias voltages so that the IQD decreases and 

reaches saturation. The deviation in the biased and unbiased responsivity then 

gives the value of the IQD. For the bulk recombination, reverse bias voltage is 

applied over the anode and cathode of the photodiode. For the surface 

recombination, the bias is applied via thin layer of dilute boric acid – both 

transparent and conductive – on top of the photodiode front surface. 

Althought the self-calibration method was optimized for simple and low-cost 

calibrations of commercial photodiodes rather than high accuracy [108], a 

commercial photodiode calibrated with the self-calibration method enabled 

measurements of radiant flux with an uncertainty of 400 ppm at the wavelength 

of 632.99 nm [97]. Due to promising results, some national metrology institutes 

(NMIs) adapted the self-calibration method for the basis of the radiant flux scale 

realization [102]. Later a crucial shortcoming of the methods was discoved; the 

quantum efficiency of the photodiode decreases after the borid acid solution is 

removed [109-110]. This made the method less suitable to be used as an absolute 

technique. 

Quite recently, Gran and Sudbø introduced another technique for absolute 

calibration of silicon photodiodes [111]. It utilizes physical models of the silicon 

photodetectors and relative measurements of spectral responsivity against 

spectrally invariant detector. With this relatively simple and cost-effective 

technique, the responsivity of a commercial photodiode was determined with a 

standard uncertainty less than 0.1% for the most of visible wavelength range. 

This uncertainty was dominated by the spatial uniformity of the photodiode, 

suggesting that by using a trap detector, the uncertainty could be decreased.  

A so-called hybrid self-calibration method [112-113] combines the two 

methods mentioned above. With the method, standard uncertainties around 

200 ppm are achieved at the wavelength range of 600 nm to 900 nm for trap 

detectors based on commercial photodiodes. Furthermore, when performed 
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periodically, the method is able to pick up the long term drift in responsivity 

[113] that is associated with pn-type silicon photodiodes [114, 115]. 

2.3 Predicting the IQD of an induced junction photodiode 

In the early days of semiconductor technology, it was discovered that a positive 

charge is inherently formed within SiO2 layer that is thermally grown on Si 

substrate [116]. In 1978, Hansen demonstrated how this property of the SiO2 

layer could be used to produce a photodiode without the diffusion process 

required in convention photodiodes. In these induced junction photodiodes, the 

fixed charge density Qf in the SiO2 layer induces a negative inversion layer in 

the    bulk silicon, which in turn produces a depletion region. In effect, the 

structure generates the pn-junction without a doping process. 

The charge density of the inversion layer in silicon is given as [55, 117] 

oxs
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QQ
2
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1 ,  (3) 

where s and ox  are the permittivities of silicon and the oxide layer material, 

respectively, QB is depletion charge density and xd, xox and xf are the widths of 

the depletion layer, oxide layer and surface charge layer, respectively. The sign 

of QB is opposite to that of Qf. In order for the photodiode to work, the sign of 

the Qn should also be opposite to that of Qf. Moreover, it is desirable to 

maximize the magnitude of Qn. As seen from equation (3), it is strongly 

dependent on Qf and xox. The former is predictable and can be controlled, 

among other things, with the annealing conditions or by applying a strong 

electric field to the photodiodes [116]. The latter can be tuned in the photodiode 

processing. 

The induced junction photodiode has many advantages over conventional pn-

type silicon photodiode. A typical pn-junction is made with doping, so 

recombination losses due to impuries are inevitable. Induced junction 

photodiode, on the other hand, can have very low doping level, resulting in 

reduced bulk recombination. In a conventional pn-type photodiode, the high 

electric field exists only relatively deep inside silicon. In an induced junction, 

the a high electric field is present close to the oxide-silicon interface, so 

generated electrons and holes are more efficiently separated and the surface 

recombination is significantly reduced. There are also indications that the 

temporal stability is better than with conventional diffused junction 
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photodiodes [118, I]. Finally, it should be noted that the very simple structure of 

the induced junction photodiode is well suited for computer simulations. 

The lower rate of surface recombinations of the induced junction photodiodes 

enabled their use as a radiometric standard without the oxide bias 

measurement. In 1983, Zalewski and Duda [100] introduced a four-element 

trap detector made from induced junction photodiodes that had the EQD of 

(0.1 ± 0.2) % in the wavelength range of 400 to 700 nm. However, due to the 

low uncertainty achieved with CESRs, and the introduction of trap detectors 

employing Hamamatsu photodiodes by Fox in 1991 [64], serving as transfer 

standards, the interest on photodiode based absolute techniques declined. 

Couple of decades later, the topic of using induced junction photodiodes as 

absolute detectors resurfaced. During that time, the available computational 

power had increased immensely, enabling more sophisticated modelling of 

photodiodes. In 2003, Geist, Brida and Rastello [108] examined the prospects 

of using custom-made induced junction photodiode as an absolute standard. 

They identified eight terms effecting the IQD of an induced junction photodiode 

and methods to assess their magnitude. With a 1D model of the photodiode in 

solar cell simulation software PC1D [119], they estimated the magnitude of 

surface and bulk recombination and dark current properties of the photodiode. 

They concluded that there are no fundamental reasons why absolute 

uncertainty in the order of 1 ppm could not be achieved if the photodiodes are 

operated at liquid nitrogen temperature. This study served as an inspiration for 

the development of the PQED, which is presented in the next chapter.



31 

3. PQEDs based on p- and n-type 
photodiodes 

The basic idea behind the PQED is to reduce both loss mechanisms ( ) and ( ) 

in equation 2, so that their effect can be determined with small enough 

uncertainty. The near-zero IQD of the PQED is achieved by utilizing custom-

made induced junction photodiodes, whereas the reflection losses are 

controlled using a wedged trapping configuration.  

3.1 PQED photodiodes 

The first generation PQED photodiodes [1] have a structure of thermally grown 

silicon oxide (SiO2) on top of lighly doped p-type silicon (Si) substrate. The new 

type of PQEDs are manufactured using lighly doped n-type substrate, which 

requires negative charge to be present in the oxide layer to form the inversion 

layer. This is accomplished by using Al2O3 instead of SiO2. The Al2O3 layer was 

grown using atomic layer deposition (ALD) [120, 121], which provides a 

controlled method to produce uniform oxide layers with the precision of a 

monolayer thickness. This approach of n-type induced junction with ALD grown 

Al2O3 layer has been previously exploited in manufacturing broadband black 

silicon photodiodes with EQD less than 4% over the wavelength range of 

250 – 950 nm [61]. 

The fundamental structure is similar in both types of photodiodes, with the 

exception of having opposite dopants and oxide layer material. In addition, the 

diode contacts are different; n-type has front and rear contact whereas in p-type 

both diode contacts are at the front. The schematic cross section of the n-type 

PQED photodiode design is shown in Figure 1. 

The manufacturing processes of p-type and n-type PQED photodiodes are 

discussed in detail in [1] and [II], respectively. The manufactured p-type 

photodiodes had oxide thicknesses of 100 nm, 220 nm and 300 nm. 

Photodiodes with 100 nm thick oxide layer performed poorly; the achieved fixed 

charge of 4×1011 e cm 2 together with xox = 100 nm was not sufficient to fill the 
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charge conditions discussed in section 2.3. Thus, the assembled p-type PQEDs 

have photodiodes with oxide thicknesses of 300 nm and 220 nm as the first and 

second photodiode, respectively. 

 

Figure 1. Cross section of the n-type PQED photodiode (set A). The red square in the left side 
figure of photodiode and carrier assembly indicates the cross-asection area. [II] 

Two sets of n-type PQEDs, denoted as set A and set B, were manufactured. 

The sets have different doping concentrations and wafer thicknesses. With 

exception of guard rings, the layouts of the two sets are identical; set A 

photodiodes have 16 guard rings and set B photodiodes have one. A schematic 

cross section of the latter is shown in Figure 1. A factor of ten higher Qf was 

achieved with the n-type structure. This enabled the oxide thicknesses to be 

around 25 nm, which reduces the time required for ALD growing.  

Both the p-type and n-type photodiodes were glued to carrier chips using low 

outgassing cryogenic glue. With the p-type photodiodes, carriers were made 

from printed circuit board. This  turned out to be a somewhat problematic 

feature when the photodiodes were cooled down to 78 K, as the deviating 

thermal expansion coefficients of the photodiode and the carrier caused 

bending. In the carriers of the n-type PQED, this was solved by using 1 mm thick 

silicon wafer as carrier material. These carriers also have a 3-mm-diameter hole 

as an added feature. This facilitates the mechanical fixing of the photodiodes 

signifantly. The n-type photodiode and carrier assembly is shown in Figure 2. 
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Figure 2. N-type PQED photodiode attached to the silicon photodiode carrier, photographed in 
a clean room. Aluminium wires and ultrasonic bondind are used to route the photodiode signals 
to the carrier bonding pads, from which the signals are routed to a miniature U.FL connector on 

the carrier using copper metallizations. [II] 

3.2 Detector assembly 

In order to prevent dust and moisture contamination, the PQEDs are assembled 

in a clean room. The photodiode and carrier assemblies are mounted to 

precision mechanics in order to attain the light-trapping configuration, shown 

in Figure 3. The number of reflections in the trap structures is seven or nine. 

Some of photodiodes have been mounted to cryostats or other test devices [1, 2, 

II, 71], but the majority of the assembled PQEDs have the compact housings 

shown in Figure 4. With the p-type photodiodes, a detector design with a 

Brewster window in front of the photodiodes was used [I]. The detector can also 

be used without the window, in which case a dry nitrogen flow is directed into 

the detector chamber (see section 3.3). Some of the characterization 

measurements and detector alignment can be performed with the window, but 

for the most accurate measurements, the window needs to removed. The 

operation of the nitrogen flow system and removing the window turned out to 

be such a simple procedure, that for the n-type PQEDs the Brewster window and 

flexible bellows were omitted. Instead, the detector is closed with an air-tight 

cap when it is not being operated. 
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Figure 3. Schematic drawing of the light-trapping assembly [122]. The angle between the 
photodiodes is 15° for the seven-reflection trap structure and 11.25° for the nine-reflection 

structure. These types of trap structures are thoroughly studied in [56, 57]. 

 

   

Figure 4. The room temperature PQEDs with and without the Brewster window, having total 
lengths of 215 mm and 85 mm, respectively. The detector housings are 75 mm in diameter. The 

back of the detector has BNCs for electrical signals, and a one-way input valve (1) and a 
pressure limiting exit valve (2) for nitrogen flow. A specific description of the detector mechanics 

is given in [I-III].  

The photodiodes are connected using two BNC connectors at the back of the 

detector, allowing the photocurrents to be measured separately. Another option 

is to connect the signals from the photodiodes in parallel and use a common 
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biasing and current-to-voltage converter. The BNC connectors are insulated 

from the detector body, enabling a floating measurement of photocurrents and 

a separate grounding for the housing. Some PQEDs have an addition third BNC, 

which was used for temperature sensing. 

3.3 Nitrogen flow system 

Schematic of the nitrogen flow system is shown in Figure 5. Scientific grade 

nitrogen (impurity concentration less than 1 ppm) is feeded into the detector 

throught particulate filter with a 500 nm pore size. The nitrogen enters the 

detector via one-way valve, flows around the photodiodes and exits through the 

aperture in front of the photodiodes. If the PQED input aperture is closed, an 

exit valve at the back-side opens automatically to limit the pressure. The 

minimum flow required for safe operation was estimated by cooling an aperture 

to the temperature of 30 °C and determining the flow rate for which moisture 

from room air only condences onto the outer surface of the aperture [123]. It 

was concluded that with a 10 mm in diameter aperture, the flow rate of 0.8 l/min 

would be sufficient. The detectors were operated with a reasonable safety 

margin at the flow rate of 2 l/min [I]. The flow rate should be proportional to 

the aperture area for other sizes of aperture than 10 mm in diameter. 

 

Figure 5. Schematic of the nitrogen flow system. 

The nitrogen flow system was proven to be very effective in protecting the 

photodiodes. After dozens of openings and closings, and continuous operation 

times exceeding 12 h, the spatial uniformities of the detectors were unaltered. 

Moreover, altogether ten NMIs built their own version of the flow system. A 

PQED was then circulated among the NMIs, who operated it with their flow 

system. Spatial uniformity scans were performed on the PQED after each NMI 
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had tested their flow system. The results did not indicate any type of 

contamination.  

3.4 Reflectance, absorption and photocurrent ratio 

3.4.1 Calculation procedure and parameters 

From the geometrical optics point of view, the PQED photodiodes are 

essentially one-dimensional thinfilm structures. Thus, their reflectance and 

absorption properties can be conveniently analyzed using the transfer-matrix 

method (TMM), given that the thicknesses and refractive indices of all the layers 

are known. In addition, the modelled ratio between the photocurrents of the two 

photodiodes is easily obtained from these calculations.  

The thickness of the SiO2 layer in the p-type photodiodes have has measured 

using spectroscopic ellipsometry [124] and spectrophotometric techniques 

[125]. The former was also utilized in the measurement of n-type photodiode 

layer thicknesses [II]. This is because even thought the ALD grown layers have 

monolayer accuracy in thickness, the subsequent processing erode the oxide 

layers. Moreover, a thin SiO2 layer of unknown thickness is inevitably formed 

between the Al2O3 layer and the bulk silicon. 

With the exception of the Al2O3 layer in n-type photodiodes, the complex 

refractive indices of the layer materials in both types of photodiodes were 

obtained from literature [124, 126]. The optical properties of an ALD grown 

Al2O3 layer, on the other hand, are dependent on the substrate material and 

processing parameters [127, 128]. Therefore, the complex refractive index of the 

Al2O3 layer was also determined from one of the n-type photodiodes using 

spectroscopic ellipsometry.  

The calculation procedures used in [II] for the n-type PQED differs slightly 

from those used for the p-type PQED [1, 57]. As a test for consistency, the 

reflectance of the p-type PQED was also calculated with the software developed 

in [II]. Identical results were obtained.  

3.4.2 Reflectance 

When the PQED is operated at a few discrete wavelengths, the reflectance can 

be easily measured [1, I, II]. However, if the PQED is operated with multitude 

of wavelengths or with broadband sources, one has to make use of calculated 

reflectance values.  

An extensive study on the reflection properties of the p-type PQED 

photodiodes has been conducted. First study of the subject was on optimizing 
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the layer thicknesses of the photodiodes to minimize reflection over a suitable 

wavelength range [56]. Once the photodiodes were manufactured and the exact 

oxide thicknesses were determined, thorough reflectance modelling was 

performed for seven-reflections PQED illuminated with p polarized light [1]. 

The analysis was further extended to incorporate arbitrary polarization states 

for both the seven- and nine-reflection trap structures [57]. Measurements at 

the wavelengths of 476 nm, 488 nm and 532 nm have been used to verify the 

reflectance calculations of the p-type PQED for p polarization [1, I, 3]. Recently, 

Salffner et al conducted a study to confirm that the reflectance calculations hold 

for p and s polarizations in the wavelength range of 400 nm to 850 nm [129].  

At the wavelength of 488 nm, the reflectances of 14 room temperature p-type 

PQEDs were measured by the author. The results, shown in chronological order 

in Figure 6, evidence the consistency of the photodiode manufacturing and 

precision mechanics. About 80% of the measured detectors have the reflectance 

within the estimated standard uncertainty of the calculated reflectance. 

 

 

Figure 6. Measured reflectances of 14 p-type room temperature PQEDs and the calculated 
value (solid line) at the wavelength of 488 nm for p polarized light. The dashed lines indicate the 
standard uncertainty in the calculated value as estimated in [1], taking into account components 

arising from material parameters, layer thicknesses, alignment and mechanical tolerances. 

The reflectance of the n-type PQED was calculated for p polarized light at the 

wavelengths of 488 nm and 532 nm [II], corresponding to the wavelengths used 

in detector characterizations. Due to the thinner oxide layer, the reflectance of 

the n-type PQED is higher than that of the p-type PQED at the given 

wavelengths. The calculated reflectance of the seven-reflection n-type PQED for 

p polarized light at the wavelength of 488 nm and measured values for set A and 

set B detectors are shown in Figure 7. The calculations are shown for varying 

Al2O3 and SiO2 interface layer thicknesses, as these two are the largest 

contributors to the uncertainty of calculated reflectance correction. 
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Figure 7. Calculated reflectance of the seven-reflection n-type PQED at the wavelength of 
488 nm for p polarized light. Measured values are shown for detectors assembled from set A 

(squares) and set B (triangles) detectors. 

3.4.3 Absorption losses 

The absorption losses of the p-type photodiodes have been estimated on the 

basis of measured diffuse reflectance [1], by assuming that there are spherical 

scatterers on the surface of the photodiode that have a light collection within a 

cone angle of 120°, and that the effective reflectance of these particles is larger 

than 5%. This order of magnitude estimate implied the absorption losses to be 

(2 ± 2) ppm. This value was assumed to be independent of wavelength. It should 

be noted that the extinction coefficient of a high quality SiO2 layer is considered 

to be identical to zero in from 300 nm to 1700 nm [124]. Thus, the absorption 

in the p-type photodiodes is due to surface contamination effects. 

For the n-type PQEDs, the absorption losses were calculated using the TMM, 

as the extinction coefficient of the Al2O3 layer was known [II]. Similarly as for 

reflectance, the calculations were performed for p polarized light at the 

wavelengths of 488 nm and 532 nm. For both wavelengths, the calculated 

absorption losses are below 5 ppm for traps having either seven or nine 

reflections, assembled from either set of photodiodes. 

3.4.4 Photocurrent ratio 

Since the individual photocurrents of the two photodiodes can be measured 

separately, the ratio of the two is easily obtained and independent of any drifts 

in laser power. For the p-type PQED, it has been shown that the measured 

photocurrent ratio at 750 nm to 850 nm can be used to determine the angle 

between the photodiodes. The measurement of photocurrent ratio can also 

facilitate detector alignment in cases where the back-reflection from the 

detector cannot be directly observed [3]. Moreover, the ratio can be used to 

determine the polarization state of incident monochromatic light and, 
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consequently, reflectance losses without direct measurement [57]. In [III], it 

was demonstrated how this method could also be applied to broadband sources, 

given that the relative spectral distribution of the light source is known. 

At the wavelength of 488 nm, the photocurrent ratio for s polarized light is 

more sensitive to variations in the detector and photodiode parameters than the 

photocurrent ratio for p polarization. This is clearly illustrated in Figure 8, 

where the calculated and measured photocurrent ratios of p-type PQEDs are 

shown. The nominal value and the uncertainty corridor in the figure are 

calculated using detector and photodiode parameter values and uncertainties 

obtained from [57]. The uncertainty is dominated by the angle between the 

photodiodes and the oxide thicknesses of the photodiodes. 

 

Figure 8. Measured photocurrent ratios of three p-type PQEDs (squares, dots and triangles) 
and the calculated value (solid line) at the wavelength of 488 nm for different polarization states 
of the incident light. The dashed lines indicate the standard uncertainties in the calculated value 

due to detector and photodiode parameters. [3] 

In [I], it was demonstrated how the spatial uniformity of photocurrent ratio 

can be used, to some extect, to estimate the variations in the thicknesses of the 

SiO2 layer of the p-type photodiode. Since the calculated photocurrent ratio of 

the n-type PQED as a function of the Al2O3 layer thickness, shown in Figure 9, 

is monotonic and fairly linear, similar estimates can be done for n-type PQED. 

The spatial variation, also shown in Figure 9, indicates that the thickness 

variation of the Al2O3 layer over the photodiode area is in order of 1 nm. This is 

in agreement with the ellipsometric measurements [II]. 
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Figure 9. Calculated photocurrent ratio for seven-reflection n-type PQED for p polarized light at 
the wavelength of 488 nm (left) and measured spatial variation of the photocurrent ratio in set A 

photodiode [II]. 

3.5 Recombination losses 

3.5.1 Previous work with the p-type photodiodes 

An extensive modelling of recombination losses for the p-type photodiodes has 

been conducted [62, 122] using the one-dimensional PC1D software [119]. A 

comparison against more sophisticated 3D software Synopsys Centaurus 

indicated that the losses predicted with PC1D are smaller by a factor of three to 

ten. The most probable explanation was reasoned to be the limitation of the 1D 

software to take into account the movement of charge carriers along the SiO2–

Si interface before collection [62]. However, it was also concluded that the 1D 

software is sufficient for responsivity prediction, if the uncertainty is an order 

of magnitude higher than the value, resulting in a standard uncertainty of IQD 

of around 70 ppm for the most the visible wavelength range. 

There is an on-going work to predict the recombination losses of the p-type 

photodiodes using the semiconductor simulation software Cogenda Genius. 

While two-dimensional calculations have been performed with the software for 

the PQED structure [130], the main effort is in 3D modelling to improve the 

predictions [131]. 

3.5.2 3D model for the n-type photodiodes 

The Cogenda Genius software was also used in predicting the recombination 

losses of the n-type PQED [II]. A 3D simulation model of the n-type photodiode 

structure was built in the software. In order to reduce computation time, the 

model is truncated to correspond 12 mm long photodiode, and symmetry 

properties of the photodiode are exploited. The effects of these simplications are 

easy to estimate by performing calculations with more complete photodiode 
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models. In addition, the beam profile was assumted to be a uniform square, as 

the profile has very little effect when moderate power levels are used. The 

combined contribution of these simplifications for the uncertainty of the IQD 

was concluded to be around 0.1 ppm. 

The Cogenda Genius uses Shockley-Read-Hall (SRH), direct (radiative) and 

Auger recombination models to calculate the total bulk recombination. 

Simulation results indicate that for the analysed wavelengths of 488 nm and 

532 nm, the recombination losses are dominated by the surface losses. That is 

understandable, since the penetration depth of photons into silicon is in the 

order of micrometers for the given wavelengths. 

A full treatise of the SRH formalism yields for the surface recombination rate 

an expression that is a function of interface defect density Dit(E)  integrated over 

bandgap energies (the interval between conduction band edge EC and the 

valence band edge EV) [132, 133]: 
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where ni is the intrinsic carrier concentration, ps  and ns  are the surface hole and 

electron concentrations, p and n are the hole and electron capture cross 

sections,  p1 and n1 are the equilibrium hole and electron concentrations for 

Fermi energy equal to E, and thv  is the thermal velocity of the electrons. For the 

sake of brevity, the energy dependencies of p, n, n1, and p1 are omitted in 

Equation (4). The equation used to model surface recombination rate is [II] 
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It is derived from Equation (4) by assuming that all the defects are exactly at the 

middle of the bandgap, where recombination center is most effective, and that 

electrons and holes have the same surface recombination velocity1 S0. 

3.5.3 Obtaining simulation parameters for the 3D model 

Most of the simulation parameters are easily obtained with sufficiently small 

uncertainty. They either are processing parameters, such as the dimensions of 

the photodiode, or provided by the wafer manufacturer, such as the bulk doping 

                                                             
1 The terminology and notation used for different recombination parameters differ widely. 
Some author use S0 to refer effective surface recombination velocity, a quantity that is 
deduced from the effective lifetime of the minority carriers in the substrate. 
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concentration or lifetime. The latter may be affected by the different processing 

stages, but the magnitude of the change can be estimated and taken into account 

in the uncertainty analysis. 

Two of the simulation parameters, the fixed charge Qf and the surface 

recombination velocity S0, proved to be more challenging to determine. While 

measurements methods exist for both [107, 132, 133], they can have high 

uncertainty, require complicated manoeuvres or jeopardize the cleanliness of 

the photodiodes. A novel method to extract the values for the S0 and Qf was 

developed [II]. It is based on the measured relative change of photocurrent as a 

function of bias voltage, to which the simulated bias voltage dependence of 

photocurrent is then fitted. When the reverse bias voltage is increased, the 

responsivity also increases, until it saturates around 4 V bias. Broadly speaking, 

the difference between unbiased responsivity and saturated responsivity is 

highly dependent on the value of Qf, whereas S0 affects the shape of the bias 

dependency curve. The method is accurate, straightforward and can be 

performed safely to a photodiode already assembled into the trap detector.  

The best fits obtained for set A and B photodiodes are shown in Figure 10. 

These correspond to S0 values of 3·104 cm/s and 5·104 cm/s, and Qf values of 

3.9·1012 e cm-2 and 4.5·1012 e cm-2 for sets A and B, respectively. The resulting 

predicted recombination losses at the wavelength of 488 nm for the two sets 

were 14 ppm and 21 ppm, respectively.  

   

Figure 10. Measured and fitted relatice change of photocurrent as a function of bias voltage. 
The uncertainties, shown at the 95% confidence level, are dominated by the statistical 

component. The effect of laser noise reduction by a factor of five in the set B measurement is 
obvious. 
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3.6 Characterization measurements 

3.6.1 Dark current 

The dark current measurement is one the few characterization measurements 

that can be easily performed in the cleanroom facilities. Thus, it is an important 

preliminary check, which gives indications on the quality of the processing, 

since contaminations or defects in the photodiode may increase dark current. 

Morever, having a small dark current is very beneficial in low flux applications, 

such as photometry.  

Figure 11 shows the temperature dependence of dark current for a p-type 

photodiode and n-type photodiodes from both sets. Both the dark current and 

its temperature dependence are significantly lower in the n-type photodiode 

from set A. This suggests that having a substrate with lower resistivity and 

layout with larger number of guard rings is beneficial in terms of dark current. 

 

Figure 11. Temperature dependence of dark current for n-type photodiodes of both sets and for 
a p-type photodiode. The p-type photodiode was reverse biased to 5 V, whereas 10 V bias was 

used for n-type PQEDs. [II] 

3.6.2 Spatial uniformity of responsivity 

Spatial uniformity of responsivity is one of the most important characterization 

measurements to be performed for the PQED and usually the first 

characterization measurement, as it acts as a quality check of the manufacturing 

process, photodiode handling and detector mechanics. Some of the 

irregularities that might be seen in spatial uniformity of responsivity are listed 

in Table 1 together with possible explanations.  

It is possible to scan the photodiodes individually [2] or when they are 

assembled as trap detectors [I, II]. Since the reflectance of a single photodiode 

is large and dependent on the oxide thickness of the photodiode, the spatial 
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variations in responsivity measured from a single photodiode are mostly due to 

variations of the oxide thickness. Thus, it is more useful to scan photodiodes 

that are assembled in a trap structure, as it provides information about the 

uniformity of the IQD in the photodiodes. 

Table 1. Irregularities that might be seen in the spatial uniformity of responsivity of a PQED and 
their possible explanations. 

Irregularity Possible cause 
Spot-like defect Dust particle on the photodiode 
Large area defect Contamination, for example due to moisture 
The center of the active area measures 
significantly less than the outer edges 

Lack of bias voltage, insufficient fixed charge or too thin 
oxide layer [117]. 

Sharp edge in the side of the active area Misalignment of the detector mechanics or the PQED 
relative to the incident beam. 

Reduced responsivity at the edges of the 
active are

Too large beam diameter or scattered radiation outside the 
main beam

  

The spatial uniformities of p- and n-type photodiodes are very similar, despite 

the higher reflectance of the n-type PQED. Figure 12 shows the spatial 

uniformity of responsivity measured from an n-type PQED. The measured peak-

to-peak variation in the spatial uniformity is generally less than 40 ppm, which 

in many cases is due to measurement uncertainty. Prolonged scans performed 

for a small are in the detector center suggest that the actual spatial variation 

could be in the order of few ppms. 

       

Figure 12. Spatial uniformity of responsivity measured at the wavelength of 488 nm from an n-
type PQED, normalized to the peak value. The right-side plot shows the values along the 

dashed line and their standard deviations of the mean. 

Spatial uniformity scans in the tens of ppms precision range are demanding. 

On one hand, the noise of measurement system due to laser fluctuations and 

biased photodiode requires some averaging time; on the other hand, temporal 

and temperature drifts of the laser power and amplifiers are seen in long-term 
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spatial scans. Two different methods to overcome this have been utilized. In the 

measurements of [I], the center point of the detector was used as a reference, 

which was measured periodically during the spatial scans. In the measurements 

of [II], a number of fast scans (four to sixteen) were performed and then 

averaged. The latter approach has the benefit that also statistical data (see 

Figure 12) are obtained. This indicates how much the obtained uniformity result 

is affected by the limitations of the measurement procedure. 

3.6.3 Linearity 

The p-type PQED photodiodes are linear over seven orders of magnitude [2], 

i.e. in the radiant flux range from 100 pW to 400 μW. This was measured at the 

wavelength of 760 nm and reverse bias of 5 V. An n-type photodiode from set A 

was measured to be linear up to power levels of 4 mW at the wavelength of 

488 nm and reverse bias of 10 V (Figure 13). The higher saturation power of the 

n-type PQED is explained with higher fixed charge and higher bias voltage [134]. 

Moreover, even with the higher bias voltage, the n-type photodiodes of set A 

have a factor of 7 smaller dark current. The higher saturation power and smaller 

dark current suggest that the usable dynamic range of the n-type PQED could 

be around eight to nine orders of magnitude. 

        

Figure 13. Relative change of responsivity as a function of incident flux, measured from an n-
type PQED of set A. [II] 

Conventional silicon photodiodes show supralinear behaviour, meaning that 

the responsivity increases when incident flux is increased [135]. This is due to 

bulk recombination losses; at high incident flux the recombination losses 

decrease as the recombination centers are filled with electron-hole pairs 

generated in the bulk. Due to very small doping concentration and, 
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consequently, bulk recombination, the PQED photodiodes do not suffer from 

this behaviour. 

3.6.4 Absolute responsivity 

The absolute responsivity of a p-type PQED has been measured against CESRs 

[2]. These results are shown in Table 2 along with the predicted values. Although 

there seems to be a systematic underestimation of the predicted responsivity, 

the calculated deviations are within the combined uncertainties at 95% 

confidence level.  

A larger group of p-type PQEDs was measured against reference trap detectors 

[I]. While these measurement had a higher uncertainty in absolute responsivity 

than measurements against CESR, in terms of relative responsivity the results 

showed uthermost consistency. Two sets of three PQEDs were measured. The 

spectral responsivities of the sets at 488 nm were consistent within 13 ppm and 

31 ppm peak-to-peak variation, respectively, while the average absolute EQD 

k = 2). 

Table 2. Predicted and measured EQD of p-type PQED at room temperature and 5 V reverse 
bias [2]. The uncertainties are given at 95% confidence level. 

Wavelength / nm Predicted EQD / ppm Measured EQD / ppm 
476

 140
939  17656

 

532
 130

916  6085
 

760
 120

1656  58167
 

  

The responsivities of two n-type PQEDs from both sets were measured against 

a p-type PQED, and one PQED from set B was measured against a CESR. These 

results are shown in Figure 14. For clarity, the values are given as IQDs, since 

the EQD values differ due to varying number of reflections. The main source of 

uncertainty in the measurements against the p-type PQED is the predicted IQD 

value, determined according to [62]. 
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Figure 14. Absolute IQD of n-type PQEDs measured at 488 nm against p-type PQED (dots), 
and at 532 nm against CESR (square). Black horizontal lines show the predicted IQD and cyan 

boxes indicate the estimated uncertainty of the model. Uncertainties are given at 95% 
confidence level. [II] 

3.7 Temporal stability  

Conventional diffused silicon photodiodes suffer from temporal drifts [115]. The 

drift rate is wavelength dependent, peaking around 350 nm, where the annual 

drift rate is -0.2% to -0.3%. At 476 nm, the drift rate is around ten times smaller 

but still signicant. There are strong arguments to support the claim that induced 

junction photodiods have a better temporal stability than conventional 

photodiodes:  

1. Based on an accelerated aging test, the induced junction photodiodes are 

expected to be more stable than diffused photodiodes [118].  

2. The photodiodes of the p-type PQEDs characterized in [I] were 

manufactured in 2010, whereas the measurements were conducted in 2013. 

The very consistent results that were obtained in the responsivity 

measurements support the expected high temporal stability, as it is unlikely 

that the drift rates of individual photodiodes would be so identical. 

3. The comparison measurements between the p-type PQED and CESR of 

Table 2 where conducted in 2011. The two wavelengths close to 488 nm 

(476 nm and 532 nm) showed an average underestimation of (43 ± 

93) ppm for the IQD of the p-type PQED. Then again, the average deviation 

between the IQD values of n-type PQEDs measured against the p-type 

PQED and the CESR was (59 ± 97) ppm (see Figure 14). This gives an 

annual drift rate of (-3 ± 22) ppm over six years, suggesting that the 

temporal stability of the p-type PQEDs is at least ten times better than that 

of the conventional silicon photodiodes. 
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4. PQED in LED photometry 

4.1 LED photometry 

The most important properties of a light source for lighting purposes are the 

amount of useful light it produces and its energy efficiency. The former is 

described with the photometric quantity luminous flux, given in lumens (lm). It 

corresponds to the radiant flux of the light source weighted by the photometric 

efficiency function V( ) [9-13]. The latter is assessed with the luminous efficacy 

of the light source, given as the ratio of luminous flux to the electrical power 

consumption of the lamp. 

Conventional photometric measurements are carried out using filtered 

detectors, the normalized spectral responsivity srel( ) of which is close to the 

photometric function V( ). These photometers are calibrated by comparing 

their output value to reference value, which is produced by a standard light 

source or a reference detector. The former is typically a tungsten filament 

incandescent lamps with a correlated color temperature of 2856 K. The latter 

usually consist of a silicon photodiode or photodiodes in a trap structure, a 

precision aperture and the photometric filter. PQED is listed in the mise en 

pratique for the definition of the candela and associated derived units [70], 

meaning that it can provide traceability for the absolute responsivity of the 

photometer. A far more direct utilization of the PQED is the new method for the 

realization of photometric units discussed in the next section. 

absolute integrating sphere method or using a goniophotometer. Both require 

the illuminance measurement (luminous flux incident per unit area) as part of 

the calibration procedure. The illuminance measured by a conventional 

reference photometer can be calculated as  

0As
FiKE m

v ,     (6) 
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where, Km = 683.002 lm/W is the maximum luminous efficacy of photopic 

vision, i is the measured photocurrent, A is the area of aperture and s( 0) is the 

absolute responsivity of the photometer at the V( ) peak wavelength of 

0 = 555 nm.  The deviation between the V( ) and the relative spectral 

responsivity of the photometer srel( ) = s( )/s( 0) is taken into account by using 

the so-called spectral mismatch correction factor  

ds

dV
F

rele

e

,

,
,    (7) 

where e ( ) is the incident spectral radiant flux. 

4.2 New method for the realization of photometric units 

Figure 15 shows the spectra of typical narrow-band LEDs, cold and warm white 

LED lamps and the V( ) function. The new method for the realization of the 

photometric units exploits the property shared by most LED lamps: their 

spectra is limited to the visible wavelength. This is also the wavelength range 

where the responsivity of the PQED can be accurately predicted.  

 

Figure 15. Normalized spectra of blue and red narrow-band LEDs, cold and warm white LED 
lamps, and the V( ) function. 

The new method [III] using the PQED omits the V( ) filter entirely. Instead, 

only a precision aperture placed in front of the photodiodes limits the field of 

view (FOV), as shown in Figure 16. Thus, the relative spectral responsivity is 

simply that of the quantum flat PQED, srel( ) / 0. Photometric weighting is 

taken into account numerically in the spectral mismatch correction factor F. 

Even thought F drastically differs from unity – the correction for a perfect V( )-

weighted photometer – the uncertainty associated with it is still relatively small.  
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In a conventional photometer, the spectral transmittance of the V( )-filter is 

the largest uncertainty component. In the PQED-based method, this 

uncertainty component is of course absent. Instead, the uncertainty is 

determined mainly by the uncertainty in the relative spectrum of the light 

source e ( )/ ( 0). More specifically, it is the accuracy of the wavelength 

scale that contributes to the uncertainty the most in both cases. This is due to 

the narrow structures in the spectra of LED lamps. However, the wavelength 

scale of the spectroradiometer can be conveniently calibrated using lasers as 

wavelength standards, and the method is more accurate than the wavelength 

scale calibration of spectrophotometers for transmittance measurements, which 

use wavelength transmission standards. 

           

Figure 16. The PQED and the aperture assembly (left). In the test measurements (right), the 
PQED, conventional reference photometer and the diffuser head of the spectroradiometer were 

mounted to a linear translator. 

The method was first tested with narrow-band LEDs [III], as it was thought at 

the time that simple single peak spectrum would be easier to measure than 

broadband white LED lamp. Later the method was tested with a white LED lamp 

[68]. These results showed that the uncertainty is actually smaller with white 

LED lamps, as the effect of wavelength scale accuracy is reduced. Most 

importantly, the uncertainties achieved with the PQED method are in all cases 

significantly smaller than with conventional phometry, as seen in Table 3. 

Table 3. Relative standard uncertainties in the illuminance measurements using conventional 
photometer and the PQED-based method. The values are compiled from [68, III]. 

 Relative standard uncertainty / % 
Light source Conventional photometer PQED-based method 
Narrow-band blue LED 0.46 0.17 
Narrow-band red LED 0.51 0.18 
Warm white LED 0.21 0.13 
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In addition to reduced uncertainty, the PQED-based method has several other 

advantages over the traditional photometer method for LED light source 

measurements. Operation without the V( )-filter eliminates temporal and 

temperature drifts associated with the filter and an unfiltered detector also 

produces larger photocurrent, which is more convenient to measure. In 

addition, the traceability chain of the photometric unit realization is greatly 

simplified. 

4.3 New method to determine the aperture area 

In addition to the measurement of the relative spectrum of the light source, the 

area of the limiting aperture is a major source of uncertainty in PQED-based 

photometry. A new method for the determination of the aperture area was 

developed in [IV]. 

4.3.1 Aperture measurements by superposition of laser beams 

The new method is an upgrade to an existing method [83-85], in which a two-

dimensional superposition of equally spaced Gaussian laser beams is used to 

form a uniform irradiance distribution. In practice, this is accomplished by 

stabilizing the intensity of the laser beam, adjusting the beam shape and size, 

scanning the aperture in front of the laser beam and measuring the the optical 

power passing through the aperture at each position.  

The original method used an integrating sphere to collect the light passing 

throught the aperture. In the improved method, the aperture is scanned while 

it is attached to the PQED. This method has the benefit of having identical 

geometry in the laser scanning of the aperture area and in the actual pho- 

tometric measurement. Perhaps the biggest advantage is that the aperture and 

detector assembly does not have to be dismantled for aperture calibration. The 

measurement setup required for the laser scanning method is relatively simple 

and and could be performed, for example, using the characterization setups of 

[I, II] with minor modifications. 

4.3.2 Diffraction calculations 

When the light passing through the aperture at each position is collected with 

an integrating sphere that has large acceptance angle, the diffraction effects are 

negligible. However, the acceptance angle of the PQED is relatively small. 

Therefore, the difference of the diffraction effects of an overfilling plane wave 
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and of a combination of Gaussian laser beams at the aperture has to be 

determined.  

A numerical calculation method for studying the diffraction effects was 

developed in [IV]. It utilizes the Rayleigh–Sommerfeld (RS) diffraction integral 

[136], which is applied to the geometry of the PQED and the aperture. The 

reliability of the numerical calculations were assessed by applying the method 

to special cases for which the analytical solution is known: the diffracted field 

on the optical axis for a circular aperture and the diffraction pattern for a square 

aperture. 

Angular spectrum method (ASM) was also utilized in the diffraction 

calculations [IV]. In essence, it means that while the numerical calculations are 

done using Fast Fourier transform (FFT), part of the the RS diffraction integral 

is calculated using analytical solution. This makes the sampling more 

complicated and sets a certain upper limit for the achievable accuracy. However, 

ASM reduces the number of required FFTs and reduces the number of sampling 

points required to meet the Nyquist criterion, thus quickening the computation. 

The calculations were performed by dividing the sampling window into 

4096 × 4096 points. Figure 17 shows the extreme aliasing that is seen if ASM is 

not applied. However, it is noteworhthy that the diffraction pattern in the center 

area is identical in both cases.  

  

Figure 17. Diffractions patterns at the detector for a plane wave illuminating a 3-mm-diameter 
aperture, calculated with (left) and without (right) ASM (see text). Calculation parameters are as 

specified in Table 1 of [IV].  

The most substantial result obtained from the numerical calculations is shown 

in Figure 18. Despite having notable differences in the diffraction patterns, the 

intensities in the shadow area are almost identical. In other words, virtually all 

intensity is collected by the PQED trap structure. Consequently, if the distance 
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between the detector and the aperture is around 20 mm, which is the practical 

minimum for the PQED mechanics, the diffraction losses are insignificant. For 

longer aperture-to-detector distances, like the 33 mm in the mechanics of [III], 

they can be corrected.  

       

Figure 18. Sum of laser beam diffraction patterns and plane wave diffraction pattern at the 
center of the detector (left) and zoomed to the shadow area (right). The patterns are made 

comparable by normalizing them with the total energy at the aperture. 

4.3.3 Anticipated uncertainty in aperture area 

Using the original laser scanning method, a standard uncertainty of 0.013 % has 

been demonstrated for the area measurement of 3-mm-diameter aperture [84]. 

This uncertainty was dominated by the uncertainty of the length scale in the 

linear translator movement. Since then improved linear translator resolutions 

and smaller uncertainties for length scales have been demonstrated [87]. With 

improved length scale measurement and precise alignment techniques [90] a 

standard uncertainty below 0.01 % is anticipated for the area determination of 

an aperture 3 mm in diameter using the upgraded laser scan method [IV].  

4.4 Anticipated uncertainty in luminous efficacy of LED lamps 

Utilizing LED lamps in the calibration procedure of an integrating sphere is 

beneficial in two ways [69]. First, it enables the use PQED in determining the 

illuminance of the external source, which reduces the uncertainty due to 

luminous flux responsivity of the setup by a factor of three. Second, using an 

LED lamp as the auxiliary source to determine the self-absorption correction of 

the measured LED lamp reduces the uncertainty of the correction, as the spectra 

of the two are similar. 
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The electrical power measurement of LED lamps can be challenging since 

many of the lamps suffer from high total harmonic distortion (THD), low power 

factor and poor stability [79, 137]. Conciderable efforts have been made to 

understand and reduce these effects. Using suitable instruments and 

measurement schemes, the signal-to-noise ratio can be optimized and 

systematic error sources, such as leakage currents, can be avoided [137]. 

Recently, the use of impedance stabilization networks [138] are shown to 

improve the measurement conditions and improve the stability of the built-in 

electronics in LED lamps, reducing the uncertainty in the electrical power 

measurements down to 0.1 %. 

With the PQED-based measurement method, together with the improved 

method for determing the aperture area, it is realistic to assume that a standard 

uncertainty around 0.1 % could be achieved for illuminance measurement [IV], 

which translates directly into a reduced uncertainty in luminous flux 

measurement. These improvements in the optical measurements, together with 

recent progress in the electrical power measurements, pave the way for 

luminous efficacy measurement of LED lamps with standard uncertainties 

around 0.3% [IV], which would be a factor of two smaller than the current state-

of-the-art [79]. 
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5. Conclusions and outlook 

The Predictable Quantum Efficient Detector was recently introduced as a 

convenient and accurate method for absolute measurements of optical power. 

In this thesis, many of the requirements for a primary detector were 

characterized for the existing p-type PQEDs. It was shown that the reflectances 

and responsivities of individual detectors are very congruent and that the 

trapping structure improves the spatial uniformity by a factor of ten as 

compared to single photodiodes. The remaining nonuniformities were shown to 

be typically less than 40 ppm. Consuquently, it was proven that the high 

demand of cleanliness in manufacturing and operating the PQEDs could be met. 

The main outcome of the results was to substantiate that the PQED has the 

potential to replace cryogenic radiometers as primary standards of optical 

power in the visible wavelength range, while having the benefits of a room-

temperature operated quantum detector, such as, low cost, large linear range, 

compact size and convenience of use. 

An inconvenience of the PQED has been the manufacturing of the 

photodiodes, as it has been limited to a single substrate material and processing. 

In the thesis, it was demonstrated that alternative methods and materials could 

be used to fabricate the PQED photodiodes, as the first ever PQED photodiodes 

based on n-type silicon were developed, manufactured, modelled and 

characterized. The results obtained in the thesis indicate that the n-type induced 

junction photodiode is a promising alternative to the existing p-type detectors. 

More importantly, they prove that the manufacturing of PQEDs is no longer 

dependent on a particular material and process. This makes the whole concept 

of a modelled quantum detector serving as a primary standard more reliable.   

Transfer matrix method was used to calculate the reflectance and absorption 

losses of the n-type PQED. Calculations were performed for two selected 

wavelengths at p polarization, 488 nm and 532 nm. However, extending the 

calculations for a wider wavelength range and all polarization states is 
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straightforward. For the selected wavelengths, the reflectance and absorption 

losses were determined to be less than 200 ppm and 5 ppm, respectively. 

Reflectance losses were also measured in order to achieve less than 1 ppm 

uncertainty due to reflectance and absorption. 

A 3D model of the n-type photodiodes was built to predict their internal 

quantum deficiency (IQD). In this thesis, a new method for obtaining the most 

challenging input parameters for the model was developed. It was demonstrated 

that the standard uncertainty in the predicted responsivity due to geometric 

simplifications and uncertainties of the input parameters is around 50 ppm. 

However, absolute responsivity measurements suggest a systematic 

underestimation of the IQD of around 100 ppm. This could be explained by the 

simplifications of the 3D model discussed in this thesis. The effect of these could 

be, to some extent, investigated. For example, there are methods to distinguish 

separate recombination parameters for electrons and holes [139], instead of the 

combined model used in this research. Other explanations of the IQD 

underestimation are residual contaminations on the photodiode surface or 

limitations of the modelling software. The former seem unlikely, considering 

the excellent spatial uniformity of the detectors. The latter could be assessed by 

using other available modelling softwares. Further work is also needed in 

validating the developed method to obtain simulation parameters. This could 

include conducting the measurements at different wavelengths and power 

levels, and comparing obtained results to those measured using other methods. 

It could also be beneficial to analyse photodiodes with different fixed charge 

densities and surface recombination velocities to verify that the developed 

method performs systematically. 

Currently, there are no established procedures to guarantee that there are no 

flaws in the manufactured PQED, for instance due to human error at some point 

from unprocessed substrate to assembled detector. The author is convinced that 

the quality control must include measurements of dark current and spatial 

uniformity of responsivity. The former serves as a preliminary check that can be 

performed in the cleanroom and the latter is an essential test for an assembled 

detector. Moreover, the dark current properties are especially important when 

low flux levels are measured, for example, in photometric applications [III, 68] 

or single photon applications [II, 63]. 

A new method for the realization of photometric units with LED light sources 

was introduced in this thesis. The method utilizes the PQED and greatly 

simplifies the traceability chain of photometric measurements. Also the use of 

V( ) filters is omitted entirely and, thus, the problems associated with these 
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filters, such as temporal and temperature stability, are absent. The motivation 

behind the method was to reduce uncertainty in LED photometry, especially in 

the measurements of white LED lamps, but in principle it is applicable to all 

sources that emit only little light outside the visible wavelength range. 

Illuminance measuremensts were performed for narrow-band LEDs and white 

LED lamps using the PQED-based method and conventional reference 

photometer. The obtained results were congruent and indicated significantly 

decreased uncertainties for the PQED-based method. For white LED lamps, the 

achieved uncertainty in illuminance was around 0.1%. 

LED lamps have many attributes that make them excellent candicates to be 

used as photometric standards. The most prominent property is the exceptional 

stability of some commercial LED lamps [140]. Moreover, when LED lamps are 

measured, it is a major benefit to use also an LED lamp as the photometric 

standard lamp so that the spectra of the two lamps are more alike [68]. The new 

PQED-based method enables the characterization of these standard lamps with 

unprecedentedly low uncertainty. 

An upgrade to an existing method to determine the area of an aperture was 

developed. The method is unique, as the area of the aperture can be determined 

while it is attached to the PQED. The diffraction effects of the PQED and 

aperture assembly was studied. The main finding was that even though the 

PQED has relatively small acceptance angle, the diffraction effects are negligible 

for most aperture sizes and wavelengths. The calculations were performed for 

the geometry of the PQED, but both the aperture area measurement method 

and diffraction calculations are applicable to a wide range of detector and 

aperture configurations. 
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