
DETECTOR CALIBRATION IN THE SPECTRAL RANGE FROM 
VACUUM-ULTRAVIOLET TO VISIBLE 

Terubumi Saito 

Electrotechnical Laboratory 

1-1-4, Umezono, Tsukuba-shi, Ibaraki 305, Japan 

1. INTRODUCTION 

It is indispensable to establish optical units as well as the other kinds of unit like 

length, mass and time for giving the base of various quantitative measurements. The 

Electrotechnical Laboratory (5TL) is responsible for establishing optical units in Japan. 

Optical units are classified into photometric units which are weighted by human eye 

responsivity such as candela, and radiometric units which are pure physical units suv.h 

as watt. In this report, we are describing the overview of the techniques to determine 

the radiometric scales for detectors in the spectral region from ultraviolet to visible. In 

addition, characteristics of semiconductor photodiode as a primary standard detector are 

discussed in detail because semiconductor photodiodes mainly used in visible is in 

principle almost identical to the y-ray radiation detector and it is worth discussing 

systematically on their characteristics in a wide photon energy range from visible to 

Y-ray region. Besides, a rare gas ionization chamber is dealt as another example of a 

primary standard detector in the VUV region. 

To characterize a detector's response, either of the following two units is usually 

used; quantum efficiency or responsivity (sometimes called as sensitivity). The 

(external) quantum efficiency is defined as the ratio of the number of generated 

charge pairs to the number of incident photons. The responsivity is defined as the 

generated current to the incident power in the unit of A/W. When we talk on the 

detector response to the absorbed photons or power, we add the adjective, "internal". 

Therefore, the internal quantum efficiency is defined as the ratio of the number of 

generated charge pairs to the number of photons absorbed in the sensitive volume of 

the detector. 

2. REALIZATION OF DETECTOR STANDARD 

Methods to realize a detector standard can be classified as follows. 

1) Calibrate against a primary standard detector. 

2) Use a primary standard radiation source and an efficiency-evaluated monochro-

matizing component. 
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3) Extend the spectral range of an existing detector standard by using a thermal 

detector. 

Among the methods listed above, the method 1) has been widely used because it is 

simple and direct. As shown in Fig. 1, electrically substituted radiometer (ESR), in 

principle, can be used as a primary standard detector in any spectral region, which 

substitutes the incident optical power by electrical power to cause the same amount of 

temperature rise as the incident radiation does. The disadvantage of a traditional ESR 

(operated at room temperature) is its low sensitivity and small sensitive area. In order 

to increase the sensitivity and the accuracy, development of ESR's operated near the 

liquid helium temperature is expanding recently. 
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Fig. 1 Primary standard sources and detectors, and their available spectral ranges. The 
spectral range from 10 to 100 nm is expanded in the lower part of the figure showing 
available window materials and rare gases for ion chamber. 
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The use of the method 2) is rather limited because of its complexity and generally 

low accuracy. 

In the region from ultraviolet through visible to infrared, the following method 

classified into 3) was often used traditionally. First, the relative responsivity of a 

transfer standard detector is determined by using a thermal detector whose 

responsivity is independent of the wavelength. Second, the absolute responsivity at a 

certain wavelength is given by a certain method such as using an ESR as a primary 

standard detector. 

Since the technique to self-calibrate a silicon photodiode was developed at the 

National Institute of Standards and Technology (NIST) in 1980,11 it becomes a very 

accurate and easy technique for the visible detector standard. This method is based on 

the fact that ionization yield (or internal quantum efficiency) is ideally unity in the 

photon energy range from the band gap energy to, at least, twice the band gap energy. 

Details of the self-calibration method are described later in a separate section. 

In the VUV region, noble gas ionization chamber becomes a primary standard 

detectorEI using the similar principle as in the case of self-calibration technique 

mentioned above. Details of the ion chamber are described later in the next section. 

Proportional counter also works as a primary standard detector if its window 

transmittance is evaluated.PJ However, the available spectral range is limited by the 

transmittance of the window whose thickness must be thick enough to resist rather 

high pressure. 

2.1 IONIZATION CHAMBER 

An ionization chamber filled with a rare gas works as an absolute detector in the 

photon energy range from the ionization limit to the twice the ionization limit.PI Table 

1 lists the ionization energies together with the corresponding wavelengths of rare 

gases. The ionization chamber covers the wavelength region from 50 to 102 nm by 

using appropriate gas depending on wavelength. Above the ionization limit, ionization 

yield of a rare gas gradually exceeds unity. Since the ionization yields of helium as a 

function of wavelength was already reported, the minimum available wavelength can 

be extended shorter. fr*l 

Table 1 Ionization potentials of noble gas atoms 
Gas 

He 

Ne 

Ar 

Kr 

Xe 

1st Ionizing Potential [eVl 

24.59 

21.57 

15.76 

14.00 

12.13 

Wavelength fam] 

50.43 

57.49 

78.67 

88.56 

102.21 
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Fig. 2 Schematic diagram of the detector Fig. 3 Photon flux emerging from the 
calibration system. monochromator measured by the neon 

ionization chamber. 

Figure 2 shows the schematic diagram of the VUV detector calibration station 

based on ionization chamber constructed at ETLJ5! Synchrotron radiation from TERAS 

is focused by a toroidal mirror onto an entrance slit of a toroidal grating 

monochromator. The entrance aperture of an ionization chamber is located at the exit 

slit of the monochromator. Detectors to be calibrated are located behind the ionization 

chamber. The ion chamber is composed by four stage ion collectors and a surrounding 

cylindrical electron collector. The axis of the ion collectors and the axis of the electron 

collector lie 40 mm and 17.5 mm apart from the optical axis, respectively. This electrode 

geometry gives an advantage in that a photoelectron undergoes smaller acceleration 

than in the case of uniform electric field strength of which must be strong enough to 

retard all the photoelectrons. Consequently, probability of secondary ionization, which 

causes an error on photon flux measurement, can be minimized. The adoption of four 

stage ion collectors, which is a modified version of the Samson's double ionization 

chamber, enables us to evaluate or eliminate their end effects and to improve 

consequently the overall accuracy. At the entrance of the ion chamber a glass 

capillary array (GCA) which has about 100 capillaries with inner diameter 100 mm and 

length 2 mm each, is used to achieve high transmittance of photons and low 

conductance suitable for differential pumping. Pressure ratio for argon made by the 

GCA reaches 1.2xl04. 

The photon flux spectra of the calibration station measured by the ionization 

chamber are shown in Fig. 3 at some electron beam energies of the storage ring. Since 

the higher order radiation is inevitably mixed to the fundamental component in the 

grazing incidence grating monochromator, the energy tuning ability of the electron 

storage ring is quite effective for reducing their overlapping. 
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Examples of the calibration result are shown in Fig. 4. Detectors calibrated 

against the ionization chamber are a Si photodiode (UDT XUV-100), an AI2Q3 phototube 

and a Au phototube. The results show that the Si photodiode which uses the internal 

photoelectric effect is much more sensitive than the other photoemissive detectors. The 

quantum efficiencies of the Si photodiode are found to agree well to those calculated 

based on the model which will be described in the section 3 . 
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Fig. 4 Quantum efficiency spectra calibrated against the ionization chamber. 

2.2 SELF-CALIBRATION 

The self-calibration method Kl basically uses a principle that a single photon 

absorbed in a photodiode ideally makes a single electron-hole pair, which is quite 

similar to the principle used in the rare gas ionization chamber. This condition can be 

satisfied almost perfectly in the recent highly qualified silicon photodiodes. It is shown 

experimentally that the available spectral range of the silicon photodiode extends, at 

least, from 400 to 700 nm in the accuracy level of 0.1%J61 The procedure of the self-

calibration is composed by the following three steps. 

1) Measure the diode reflectance. 

2) Evaluate the fraction of carrier recombination in the rear side of the depletion 

region by measuring the photocurrent saturation curve versus the reverse bias 

voltage. 

3) Evaluate the fraction of carrier recombination at the silicon surface by measuring 

the photocurrent saturation curve versus the bias voltage across the oxide. 

In the step 1), the fraction of photons absorbed in the photodiode to the incident 

photons is obtained. Since reflection is the only loss mechanism of photons in the 

visible region, the above fraction is given by the 1-pU) where p(A) is the diode 

reflectance at the wavelength of A. Electron-hole pairs generated in the depletion 

region can be collected almost perfectly because of the strong built-in electric fie»d. 

However, it is highly probable for electron-hole pairs outside the depletion region to 

recombine. The steps 2) and 3) are the procedures to evaluate such recombination 
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which may occur behind the depletion region and at the front side of the silicon 

substrate, respectively-

Since the absorption coefficient of silicon becomes small as the wavelength 

becomes large in the visible region, longer wavelength radiation can penetrate the 

photodiode more deeply- By applying the reverse bias voltage to the rear electrode of 

the diot'e, the depletion region width can be increased, resulting in the saturation of 

the photocurrent. The correction factor evaluated in the step 2) becomes small as the 

wavelength decreases. 

On the contrary, the correction factor evaluated in the step 3) becomes large as 

the wavelength decreases. In the p on n type silicon photodiode, the minority carriers 

"vn the front p region, electrons, tend to be attracted to the ox\de~s\ucon interface, 

resulting in surface recombination, because thermally grown dioxide coatings often 

have positive charge traps near the oxide-silicon interface.!7! in order to neutralize 

the positive charge in the oxide, several methods were proposed. l8I One of the way is to 

use a weak aqueous solution of boric acid as a transparent electrode. It is reported that 

the evaluation of step 3) is not necessary for n on p type photodiodes,PJ because of no 

surface recombination. 

3 . SEMICONDUCTOR PHOTODIODE AS AN ABSOLUTE DETECTOR IN THE UV-VUV 

REGION 

As stated above, silicon photodiode can work as a primary standard detector in the 

visible region. The characteristics of semiconductor photodiodes in the shorter 

wavelength region are worth investigating to survey the possibility to extend the 

available spectral range of semiconductor photodiode as an absolute detector.!10 '11^ The 

shortest wavelength limit of the self-calibration is, at present, determined by the lack 

of a reliable theory predicting the internal quantum efficiency when the impact 

ionization occurs. Another practical difficulty lies in the strong absorption in the UV-

VUV region. Figure 5 shows the absorption lengths (inverse of the absorption 

coefficients) of silicon and silicon dioxide. For example, photon absorption in silicon 
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Fig. 5 Absorption lengths of Si and Si02 as a function of wavelength. 
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shows maximum at the wavelength of 280 nm, and radiation is attenuated to 1/e with the 

penetration depth of only 4.1 nm. Since the Junction depth which is the starting edge of 

the charge collecting volume, is usually located deeper than the penetration depth, the 

generated carriers tend to recombine before they reach the depletion region by 

diffusion process. 

3.1 INTERNAL QUANTUM EFFICIENCY 
The internal quantum efficiency, rrmt is rslated to the external quantum 

efficiency, *7ext by the following relation; 

mnV=next/( 1-R-A) 

where R is the diode reflectance and A is the absorptance of the dead layer. In the case 

of a silicon photodiode, A can be assumed to be zero in the visible region. Therefore, the 

internal quantum efficiency can be obtained by the two measurements of the external 

quantum efficiency and of the reflectance. The measurements were made on two Si 

PIN-type photodiodes (Hamamatsu S1723), (a) and (b) as shown in Fig. 6. The 

photodiodes (a) and (b) were of the same type except that the Si02 layer of (a) was 27 

nm-thick while that of (b) was removed by hydrofluoric acid. It is considered that the 

diode (a) has no loss in carrier collection efficiency while the diode (b) has much 

poorer collection efficiency especially at the higher photon energies. The quantum 

efficiencies of (b) above 3.5 eV is about 0.15 times those of (a). This result of photon 

energy independent reduction in quantum efficiency for (b) can be explained well by 

the theory!12^ of carrier collection efficiency dealing with the surface recombination. 

This result shows that it is very important to keep the surface recombination as small as 

possible in the UV and VUV regions where absorption coefficients of silicon are large. 
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Since the diode (a) shows almost unity quantum efficiency below 3Ji eVT the 

curve (a) is considered to be very close to intrinsic internal quantum efficiency. It is 

found that the internal quantum efficiency remains unity until more than three times 

the band gap energy. The internal quantum efficiency gradually increases as the 

photon energy increases although there are some structures around 5 eV. The simplest 

model for the spectral dependence of the internal quantum efficiency is shown in Fig. 

7. Letting the average energy required to produce an electron-hole pair be ey the 

internal quantum efficiency is unity below the photon energy equal to e and is given 

by E/e where E is the photon energy. It is well-known that s is constant and is equal to 

about 3.6 eV for silicon in the y-ray region at room temperature.^1^ 

3.2 EXTERNAL Q.UANTUM EFFICIENCY 

If we use the above assumption for the internal quantum efficiency, the external 
quantum efficiency, next* *s given by 

(CT (£s £) 
T)a,Sa\CTEl£ (E*e) 

where C is the carrier collection efficiency and T the optical transmittance to the 

sensitive volume. The transmittance, T, can be calculated using the complex refractive 

indices of the composing materials. An example of the calculation for a silicon 

photodiode as a function of silicon dioxide thickness is shown in Fig. 8. The value of C 

was set to unity in this calculation. The ridges in quantum efficiency are due to the 

effect of anti-reflection. The calculation shows that interference effect is notable in 

this spectral region. 
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An example of the comparison of the calculation result to the measured quantum 

efficiency spectrum of a silicon photodiode, which is based on the ionization chamber 

described in the section 2.1 are shown in Fig. 9. 

The average pair creation energy, e, in this calculation is set to 3.7 eV "which is the 

newest data obtained by using white synchrotron radiation^1"4! The calculated data 

shown by a dotted line agrees to the measured data within ±10% at the wavelengths 

shorter than 50 nrru In the longer wavelength range, the measured data becomes close 

to the another calculated values shown by a solid line which includes the charge 

contribution from the silicon-dioxide. This result supports the data obtained by Canfield 

et. al.USJ 

4. PRECAUTIONS FOR CALIBRATION AND PERSPECTIVE 

When a transfer standard detector is available, the procedure required to 

calibrate a detector is only to compare the detector output against that of a standard 

detector in a monochromatized photon beam. Generally, all the conditions such as 

temperature or humidity when the standard detector is used to calibrate other detectors 

should be the same as when the standard detector was calibrated against the primary 

standard detector. 

Possible factors which might affect the calibration result are listed as follows. 

1) Stability, 

2) Linearity, 

3) Uniformity, 

4) Temperature dependence, 

5) Polarization. 

It is still difficult to realize a sufficiently stable detector in the UV-VUV region because 

of the strong absorption mentioned before, especially in the VUV region where 

detectors must be windowless. Nonlinearity of the detector response generally exhibits 

at a high power level. A current-source type detector should be used with a current-to-

voltage converter which consists of an operational amplifier and a feed-back 

resistance to realize an imaginary short circuit condition between the detector 

electrodes. The nonuniformity of the detector response often becomes a biggest error 

source, especially in the case of photoemissive phototube. Temperature dependence of 

detector response is generally small compared to the other factors. Detector's 

polarization effect is generally negligible when the photosensitive surface is normal to 

the incident radiation. When a detector such as a side-on type photomultiplier which 

does not satisfy this condition, an error due to the polarization effect may arise. 

As discussed in this report, semiconductor photodiodes, especially silicon 

photodiodes are very attractive for absolute detectors not only in the visible but also in 

the VUV region. In order to improve the accuracy, it is strongly hoped that the theory 
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to predict the photon energy dependence of the internal quantum efficiency will be 

developed and/or that the photon energy dependence of the internal quantum 

efficiency will be determined precisely by using another primary standard such as an 

ESR. 
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