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ABSTRACT

REALIZATION OF DETECTOR BASED SPECTRAL RESPONSIVITY SCALE
FROM ULTRAVIOLET TO NEAR INFRARED REGIONS OF
ELECTROMAGNETIC SPECTRUM

Bazkir, Ozcan
Ph.D., Department of Physics
Supervisor: Assoc. Prof. Dr. Akif Esendemir

Co-Supervisor: Assoc. Prof. Dr. Sevilay Ugur

June 2004, 114 pages.

Realization of spectral responsivity scale was studied in three stages. Firstly,
absolute optical power measurements using Electrical Substitution Cryogenic
Radiometer (ESCR) was studied. The absolute measurements were done at discrete
laser wavelengths of tunable Ar+ (488 nm and 514.5 nm), Nd:YAG (532 nm) and
fixed He-Ne (632.8 nm) laser sources. To increase measurement accuracy the
method used for the stabilization of laser beams, transmittance measurements of
optical windows, and minimization of scattered beams were discussed.

Secondly, realization of absolute responsivity scale between 350- 850 nm
ranges was studied. The scale based on reflection type trap detectors consisting of
three silicon photodiodes. Various measurement systems were established in order
to make optical characterization of trap detectors like non-linearity, surface non-
homogeneity, polarization dependency, reflectance, and internal quantum efficiency.
The absolute responsivity was linked to the absolute optical power by measuring the
current response of trap detectors to the absolute power measured by ESCR system at
laser wavelengths. Using models for the trap detector’s, reflectance and internal
quantum efficiency the scale between 350- 850 nm ranges was realized with an

uncertainty of 0.05 %.
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Finally, the spectral responsivity scale in ultraviolet (UV) and near-infrared
(NIR) regions was realized using Electrically Calibrated Pyroelectric Radiometer
(ECPR). Optically characterizing the spatial non-uniformity of pyroelectric detector
and its surface reflectance, the spectral responsivity scale was established with
uncertainties +0.5-1.0 % between 250 nm and 350 nm and +0.5-1.5 % between 850
and 2500 nm.

Key Words: Cryogenic radiometer, laser stabilizer, optical power, photodiode, trap

detector, responsivity, pyroelectric radiometer.
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DEDEKTOR TABANLI TAYFSAL DUYARLILIK OLCEGININ
ELEKTROMANYETIK TAYFININ MOROTESI ILE YAKIN KIZILOTESI
BOLGELERI ARASINDA OLUSTURULMASI

Bazkir, Ozcan
Doktora, Fizik Bolimi
Tez Yoneticisi: Dog. Dr. Akif Esendemir
Ortak Tez Yoneticisi: Dog. Dr. Sevilay Ugur

Haziran 2004, 114 sayfa.

Tayfsal duyarlilik 6lgeginin olusturulmasi ii¢ asamada gerceklestirilmistir.
Birinci agsamada, mutlak optik gii¢ 6l¢limlerinin elektriksel yerine koyma prensibi ile
calisan diisiik sicaklik radyometresi (ESCR) ile gergeklestirilmesi anlatilmistir.
Mutlak gii¢ 6l¢timleri dalga boyu ayarlanabilen Ar+ (488 nm ve 514.5 nm), Nd:YAG
(532 nm) ve sabit He-Ne (632.8 nm) lazer dalga boylarinda ger¢eklestirilmistir.
Olgiimleri yiiksek hassasiyetle gerceklestirmek icin lazer c¢ikis giicii kararlastirma
metodu, optik camlarinin gecirgenligi ve sagilan 1ginlarin minimizasyonu gibi
caligsmalar yapilmstir.

Ikinci asamada 350-850 nm dalga boyu araliginda tayfsal duyarlilik dlgeginin
mutlak olarak olusturma ¢alisiimas1 yapilmistir. Olgek ii¢ adet silikon fotodiyottan
yapilmigs yansima tipi tuzak dedektdrler {izerine kurulmustur. Cesitli 6l¢im
diizenekleri kurularak tuzak dedektorlerin dogrusalliktan sapma, ylizey duyarlilik
degisimi, polarizasyon bagimliligi, yansima ve i¢ kuantum verimi gibi optik
karakterizasyon Olc¢iimleri yapilmistir. Mutlak duyarlibik  dlglimleri  tuzak
dedektorlerin ESCR sistemi ile dl¢lilen mutlak giic 6l¢iimlerine karsi tepkileri akim

cinsinden lazer dalga boylarinda dSlgiilerek elde edilmistir. Tuzak dedektorlerin ig
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kuantum verimi ve yansimalari i¢in gelistirilen modeller kullanarak duyarhilik 6lgegi
350- 850 nm dalga boyu araliginda % 0.05 belirsizlikle gerceklestirilmistir.

Son olarak elektriksel kalibreli pyroelektrik radyometre ile duyarlilik
6lceginin morotesinden yakin kizilotesi bolgesine kadar olusturulmasi ¢aligilmigtir.
Pyroelektrik dedektoriin dogrusalliktan sapmasi ve yiizey yansimasi optiksel olarak
karakterize edilmesi 1ile tayfsal duyarlilik 6lcegi 250 nm ile 350 nm arasinda %

+0.5-1.0, 850 ile 2500 nm arasinda % +0.5-1.5 belirsizlikle gerceklestirilmistir.

Anahtar Kelimeler: Diisiik sicaklik radyometresi, lazer kararlastirma sistemi, optik

gii¢, fotodiyot, tuzak dedektor, duyarhlik, pyroelektrik radyometre.
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CHAPTER 1

INTRODUCTION

Radiometry is the science of the measurement of electromagnetic radiant
energy. The origin of radiometry goes back to the late nineteenth century when the
first absolute radiometers (the instruments used for making the measurements) were
independently developed by Angstrom and Kulbraum [l, 2]. Angstrom particularly
used his radiometer in the field of metrology to measure the solar irradiance at the
Earth's surface, whereas the Kurlbaum radiometer was used to establish a
radiometric-based standard for the unit of luminous intensity. Although the
objectives of the experiments were different, both the radiometers were thermal
detectors of radiation based upon the principle of electrical substitution. That is, the
radiant power is measured by substituting the equivalent amount of electrical power
(which can be accurately determined) so that the thermal conditions within the
radiometer are identical for the two different modes of heating.

Throughout the twentieth century electrical substitution radiometers (ESRs)
have been further developed, becoming the most frequently used instruments for
establishing detector based radiometric scales. However, their performance is limited
by the thermal properties of materials at 293 K resulting in the complicated
corrections that have to be applied: for example, for the incomplete absorption of the
incident radiation and for the non-equivalence of the substituted electrical power to
the absorbed radiant power [3]. Hence, even with the most innovative design
including computer-controlled correction packages the accuracy of modern ambient
temperature ESRs still remains in the range 0.1% to 0.3% [4- 6].

To satisfy the increasing demand for more accurate ESRs from users not just
in the fields of metrology, basic physics and photometry as in the past, but also in the

new and expanding fields of optical fibers, laser technology, synchrotron radiation,



radiometric standards, defense technology and space science, two new approaches
have been made to improve the accuracy with which radiant power can be measured.

The first approach has been developed by Geist and Zalewski at the National
Institute of Standards and Technology, USA (NIST), using silicon photodiodes [7-9].
They discovered that certain diodes could be manufactured with such high quality
that their quantum efficiency approximated to unity over a large region of the visible
spectrum. This technique is based on decreasing the fraction of photo generated
charge carriers lost by recombination effects within the photodiode. In a photodiode
the major loss parameters are recombination around depletion region and positive
trap charges at the Si/SiO; interface. These trap charges attracts electrons and
lengthens the time, compared to carrier lifetime, taken to reach the depletion region
and this increases the probability of recombination. The fist effect can be evaluated
by applying a reverse bias to the photodiode, which extends the depth of the
depletion region such that the collection efficiency in the rear of photodiode can
brought to unity. The effects of trap charges at the Si/SiO; interface can be removed
by storing large negative charges on the SiO, surface using a drop of water, dilute
boric acid solution or discharging electrons. Removing internal losses the
responsivity of photodiodes can be obtained from front surface reflection losses and
theoretical value in the visible region. As a result they were able to develop "a self-
calibration" technique by which the absolute spectral response of the diodes could be
measured with an uncertainty of better than 0.1%.

The second approach has been cryogenic radiometry. Ginnings and Reilly at
NIST construct an apparatus to measure the radiant flux from a black-body using a
low-temperature heat flow calorimeter. Blackbody radiation, for decades have been
used as the primary source based standard. The history of these traditional standards
maybe tracked to as far as the 1860’s, when German physicist Gustav Robert
Kirchhoff first published a paper describing blackbody radiation [10]. The first
physical realization of proper blackbody radiator was done by Wien and Lummer in
1895 [11]. The output spectrum of a blackbody radiator may be derived from the
temperature of it’s cavity by Planck’s radiation low. Therefore, a scale (unit) for
spectral irradiance or spectral radiance may be derived from a temperature scale, e.g.

the international temperature scale [12] ITS-90. The highest uncertainty in this kind



of realization arises from the temperature measurements. For example, in the
ultraviolet (UV) region, they limit the uncertainty of the spectral irradiance
measurements to a level of approximately 1% to 2 % [13]. The aim of Ginnings and
Reilly’s experiment was to realize the thermodynamic temperature of the boiling
point of water [14]. Although they did not succeed in their aim, largely for reasons
related to diffraction and scattering, they did demonstrate the potential of such an
apparatus. Also, at about this time, Blevin and Brown at the National Measurement
Laboratory, Australia (NML), using an ambient temperature ESR and a black-body
radiator at the temperature of the freezing point of gold determined the Stefan-
Boltzmann constant, ¢ with an uncertainty of 0.1% [15]. They also showed how
diffraction can lead to errors of the order 1%, and how, in principle, such errors
could be avoided [16].

Greatly influenced by these two experiments at NIST and NML, Quinn and
Martin at the National Physical Laboratory, UK (NPL), constructed the first
successful total-radiation thermometer [17,18]. They were able to realize
thermodynamic temperature with an uncertainty of a few mK over the range -130 to
100 °C, but more relevant to the field of radiometry they also determined a value for
0. Their value had an uncertainty of 0.017% and differed from the calculated value
by only 13 parts in 10°. The detector part of the apparatus, consisting of an absorbing
heat flow calorimeter, could also be considered quite simply as an ESR cooled to
liquid-helium temperatures, and hence became known as a cryogenic radiometer.
The measurement of ¢ clearly demonstrated that by using a cryogenic radiometer the
accuracy of the measurement of radiant flux could be improved by at least an order
of magnitude than had been achieved.

Geist and Zalewski, who were working on their self-calibration technique for
photodiodes but had no way of experimentally checking the validity of their results,
suggested an intercomparison with the cryogenic radiometer. By modifying the total-
radiation thermometer, in particular, removing the radiating black-body and inserting
an optical window in the outer vacuum chamber, a laser beam could be directed into
the cryogenic radiometer. The laser power could then be measured using the
radiometer and compared to the measurement using a photodiode. Although the

uncertainty of the intercomparison was slightly higher than had been planned, due to
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the problems associated with the window transmittance, the method did show
promise for the future. Hence, a second cryogenic radiometer was constructed at
NPL dedicated to the measurement of optical radiation with a calculated uncertainty
0t 0,005% [19], and this is probably the most accurate radiometer available today.
The development of cryogenic absolute radiometer [20-24] in the 80’s has started a
tremendous change in radiometry and photometry. Due to the low uncertainty
significant effort has been devoted recently to developing new realizations for
photometric and radiometric units that are traceable to cryogenic absolute
radiometers.

Another important subject, almost as important as the development of the
cryogenic radiometer, has been development of tarp detectors [25-27]. The cryogenic
absolute detectors are voluminous and rather difficult and expensive to operate. Also,
the measurements are usually limited to using laser light sources. Trap detectors have
proven to be an excellent choice for a transfer standard detector. They may be used
e.g. in international comparisons of radiant power scales [28-32] or to form a spectral
responsivity scale to interpolate radiant power calibrations between the laser
wavelengths used in the calibrations with cryogenic radiometers [33,34]. Since the
absolute optical power scale can be obtained at laser wavelengths then the high
accuracy responsivity scales also can only be realized at discrete laser wavelengths.
At other wavelengths in the visible region, the responsivity values can be determined
by interpolating and extrapolating the Internal Quantum Efficiency (IQE) of trap
detectors [35-41].

This work is the realization of detector based responsivity scale project
developed in UME Optics Laboratory. The high accuracy measurement facilities are
performed using an electrical-substitution cryogenic radiometer (ESCR) working at
liquid helium temperature (4.2 K) as a primary standard. The basic elements of the
ESCR are absorbing cavity, radiometer entrance window, quadrant photodiodes,
heaters, reference block, dummy cavity and Germanium (Ge) and Rhodium Iron
(RhFe) heat sensors. Each component was characterized carefully to get accurate
measurement results. Operating radiometer at liquid helium temperature lead us to

measure optical powers with an uncertainty in the order of 1.2x10™. This high



accuracy is due to the advantages of operating radiometer at low temperatures. The
advantages are as follows [42]:

1. the heat capacity of the absorbing material is drastically reduced at low
temperatures, which in turn, reduces the time constant and measurement
time accordingly;

11. heat loss is reduced at low temperatures because of the radiant energy is
proportional to T*;

1. heat contributions from the resistor leads is eliminated by using
superconductive wires;

1v. operating the detector in vacuum eliminates convection losses.

Although, the ESCR has these advantages, the uncertainty in optical power
strongly depends on preparation; namely quality of stabilization of optical beam,
cleanness of Gaussian laser beam, quality of cleaning and transmittance of window,
deviations from the Brewster angle and minimization of scattered light. Therefore, all
these conditions were checked and measured carefully in order to realize the UME
optical power scale and more importantly to evaluate the uncertainty of the scale.

To link the high accuracy measurements obtained from the ESCR to the other
optical power measurements silicon based (Hamamatsu S1337-11 windowless
photodiodes) reflection type trap detectors were constructed in UME, have been used
as transfer standards. The reasons for using trap detectors as transfer standards are

that they have following properties [26]:

1- Low noise equivalent power
1i- Polarization independency
1ii- Low non linearity

iv- Good spatial uniformity

V- Good temporal stability

vi- Low reflectance looses

vii-  High quantum efficiency
viii-  Predicted spectral responsivity in the visible region
Various measurements systems were established so as to study the
characteristics and influence parameters of trap detectors, having in view their use as

transfer standards. The absolute responsivity linked to the absolute optical power was



obtained using laser power stabilization optics and electrical substitution cryogenic
radiometer system at discrete laser wavelengths. Using physical models for the trap
detectors reflectance and internal quantum efficiency the scale was realized with an
expanded uncertainty of 0.05 % from 350 nm to 850 nm.

The spectral responsivity scale from ultraviolet (UV) to near-infrared (NIR)
regions was realized using electrically calibrated pyroelectric radiometer (ECPR). Its
spectral responsivity was linked to the ESCR facility at discrete laser wavelengths.
The active element of ECPR is pyroelectric detector, which is gold-black coated
lithium tantalite crystal (LiTaOs3). Optically characterizing the spatial non-uniformity
in pyroelectric detector responsivity and its surface reflectance, the spectral
responsivity scale was established from 250 nm to 2500 nm.

The subject area of this thesis includes three chapters. In the chapter 2 ESCR
system, measurement preparations (stabilization of the laser beam, cleaning and the
transmittance measurements of window at the Brewster angle and minimization of
scattered light) and measurement techniques, calculation of optical power and
uncertainties are described. In chapter 3 reflection type trap detectors, their optical
characterizations (polarization independency, non linearity, spatial uniformity,
temporal stability, quantum efficiency and reflectance looses) are described.
Moreover, the models for interpolations and extrapolations of reflectance and
quantum efficiency needed for the interpolation and extrapolation of responsivity
values of trap detectors in the 350-850 nm regions are described. In the chapter 4,
ECPR system, its working principles, optical characterizations (linearity, spatial non
uniformity and reflectance) and realization of responsivity scale from 250 nm to
2500 nm are studied. In addition spectral responsivity measurements of working
standards (Si, Si based trap detectors, Filter Radiometers, Photometer Heads, Ge,

InGaAs) using ECPR and double monochromator system are also described.



CHAPTER 2

PRIMARY STANDARDS AND REALIZATION OF ABSOLUTE OPTICAL
POWER SCALE

Spectral responsivity scales are usually maintained on transfer standard
detectors. These detectors can then be used to calibrate the spectral responsivity of
another detector by comparison. To do this a source is used as a transfer medium.
Since the scale must have spectral information, either detector or the source must be
spectrally selective. This can be achieved by the use of a monochromator or laser for
the light source.

The realization of the spectral responsivity scale can be carried out using an
absolute source (known spectral radiance) or an absolute detector (independently
known spectral responsivity). There are different options within each generic area
and these are summarized in table 2.1 [43]. In general, the absolute detector is most
commonly used method for the visible and near infrared region of the spectrum, and

so this technique will be discussed in more detail.

Table 2.1: Source and detector based primary standards

Source Based Standards Detector Based Standards
Black Body Radiation Electrical Substitution Radiometer (ESR)
Synchrotron Radiation Self Calibrated Photodiodes

Electrical Substitution Cryogenic
Calibrated Lamps

Radiometer (ESCR)




2.1 Source for Absolute Detectors

To realize a spectral responsivity scale using an absolute detector requires a
source of monochromatic radiation. This source can be calibrated to act as a
temporary transfer medium to calibrate other detectors. Monochromators and lasers
are the most commonly used sources but filtered lamps or blackbodies could be used.

Lasers provide the most accurate and convenient source. The laser is a source
of a high spectral radiance. It is usually collimated, providing very convenient,
geometrically well-defined, beam of radiation. However, the radiance of lasers is not
usually very stable. The stability can be improved by using an external stabilizing
technique and instruments. Such a system can provide a beam of monochromatic

radiation that has a radiant power stable to 0.001% over several hours.

2.2 Electrical Substitution Cryogenic Radiometer

Electrical Substitution Cryogenic Radiometer (ESCR) is a device that
measures optical radiation by comparison to an equivalent amount of electrical
power at low temperatures. In order to understand ESCR and see the effects of
operating radiometer at low temperatures, working principle of Electrical

Substitution Radiometer (ESR) should be considered first.

2.2.1 Principle of Electrical Substitution Radiometers

The principle of operation of an ESR is that a thermometer is used to measure
the temperature rise of the detector, relative to a constant temperature of reference
block, during alternate radiant and electrical heating cycles. By adjusting the
electrical power so that the detector temperature rise is the same for both types of
heating, the radiant power can be equated to the measured quantity of electrical
power. Referring to figure 2.1, the electrical power is equal to the radiant power

when radiant temperature equal to electrical temperature.
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Figure 2.1: Schematic illustration of ESR and it’s principal of operation.

In order that the thermometer responds equally to equivalent radiant and electrical

power, the following conditions must be satisfied [21]:

a) Cavity should have a high absorbance to ensure that all the incident radiant flux

is absorbed and contributes to the rise in the detector temperature,

b) All the electrical power supplied should be dissipated as heat in the detector, and
negligible power should be dissipated in, or conducted down, the connecting

leads,

c) The heat flow path from the detector to the reference block should be identical
for electrical and radiant heating, and should not be influenced by any
difference in temperature gradients in the detector created by the two separate

heating modes,

d) The thermometer that monitors the temperature rise of the detector should have a
small thermal capacity and be in thermal equilibrium with the detector; it

should also have appropriate resolution and sensitivity,



e) The temperature of the reference block should remain constant during the period

of measurement,

f) The detector should be shielded from other sources of thermal radiation, and its
field of view restricted to reduce any scattered radiation falling on the detector

surface.

Each of the above conditions will be considered in depth, including an explanation

as to why they can be satisfied more easily by ESCR.

2.2.2 Description of ESCR System

ESCR system shown in figure 2.2 constitutes cavity, cryostat, reference
block, thermal links, quadrant photodiodes and radiometer entrance window. The
internal structure of cryogenic radiometer, it’s wiring and electronic scheme is shown
in figure 2.3.

The central element of the ESCR as shown in figure 2.3 is the cavity that is
designed for the complete absorption of optical radiation. The absorbing cavity
thermally connected to the reference block by a stainless steel tube. The reference
block is in turn connected to liquid helium reservoir and its temperature is kept
constant by a temperature controller. There are two heater resistance to supply
electrical power to the cavity, one of them close to where the optical power is
absorbed on the opposite side of the inclined plane, the other one close to the
entrance of the cavity, on the outside the cylinder. Switching between the two heaters
is easily done and provides a good check for non-equivalence of electrical and
optical heating cycles.

The temperatures of the cavity and reference block are measured using RhFe
and Ge sensors soldered into the cavity and reference block. A dummy cavity, close
in thermal mass to that of the real cavity is mounted on the reference block using a
thermal link similar to that of the real cavity.

Another RhFe sensor is attached to the dummy cavity. The bridge used for

measurements of the sensor resistance allows the use of an external standard resistor.
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If the RhFe sensor on the dummy cavity is connected to the external standard input,
this automatically cancels any remaining fluctuations in the reference block. If the
laser beam hits the cavity (irradiated state) the temperature controller reduces the
electrical power P of the cavity heater by exactly the amounts of the absorbed
power Pg,. If the laser beam is interrupted (non-radiated state) the temperature
controller increases the electrical power P to the initial state. Thus the difference

AP, of electrical power balances the absorbed radiant power P .

M2 Reservoir

77 K Shield

Gag Cooled Shield He Reservolr Gate Valve

Brewwster Window

Cavity
Reference Block
Thermal Link I

Lazer Beam

Thermal Link |
4 Shield

Adjustible Feet

Baze Plate

Figure 2.2: High accuracy cryogenic radiometer system.
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Figure 2.3: Cryogenic Radiometer Wiring and Electronic Scheme.

A digital voltmeter is used in the system for multi-purpose measurements
through the scanner. The measuring quantities include the cavity heater voltage, the
standard resistor voltage, the scattered light level and the internal temperature of the

standard resistor.
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2.2.2.1 The Absorptivity of the Cavity

The absorptivity of a diffusely reflecting cavity, o, can be calculated by using
either the integral equation method [44] or the series reflectivity method [45,46];
both methods are a function of the physical dimensions of the cavity as well as the
surface emissivity. The absorptivity of a specular reflecting cavity can be calculated
from the series reflectivity method and is a much simpler calculation involving ray
tracing.

The radiometer cavity used in UME optics laboratory was designed in NPL is
made of electro-formed copper and is cylindrical in shape. It is 50 mm in diameter
and 150 mm long. The front face of the cavity is closed with a plate containing a 10
mm entrance aperture; the other end of the cavity is closed by a back wall inclined at
30° to the cylinder axis. Inside the cavity is coated with a diffusely reflecting Pt
black paint (diffuse reflectance of about 1% in the visible region of the spectrum);
except the bottom end, which is coated specularly reflecting NiP black paint
(specular reflectance of 5% in the visible region of the spectrum). The absorptivity of
the cavity has been calculated for a beam of visible radiation entering the cavity
through the aperture along the axis of the cylinder. The beam is incident on the back
wall and the cavity geometry is designed so that the specular component of the
reflection is nearly totally absorbed (99.9998% after the fifth reflection).
Consideration need only be given to the diffuse component of the reflection and this

has been calculated using the series reflectivity method from the equation [46]

a=1-pcos@’ /(r* +L*) (2.1)

where p is the hemispherical diffuse reflectance of the wall and 0 is the angle of
incidence of the beam at the rear wall. From equation 2.1 and using » = 5.0 mm, L =
150 mm, p = 0.01 and 8 = 60°, the diffuse absorptance of the cavity is calculated to
be 0.99999 in any part of the visible spectrum. This value of the cavity absorptance
has also been confirmed experimentally by calibrating the cavity absorbance at NPL.

Cavities of this size can obviously be constructed for both ambient

temperature ESRs and cryogenic radiometers. However, another factor that must be
13



taken into consideration when designing a cavity is the time constant: the time taken
for thermal equilibrium to become established in the cavity after a power change.
Consider a constant radiant power Q absorbed in a cavity at temperature T¢
and connected by a heat link of thermal resistance R to a reference block at
temperature Tr. For a small temperature difference dT = Tr-T¢ and an incremental

time period dt, the heat flow equation can be written as [47]

Odt —(dT | R)dt = CdT (2.2)

which can be solved to give the well-known equation

dT = RO(1—exp[—t/RC]) (2.3)

where C is the thermal capacity of the cavity and is equal to the mass of the cavity
times its specific heat. Thus the temperature of the receiver will rise exponentially
with a time constant 7 = RC. If the cavity is made of copper, then by cooling the
cavity from 293 K to 4 K the specific heat of the cavity decreases by about 1000 and
zis correspondingly reduced. 7 for the cavity (mass =5 g) at 4 K has been measured
experimentally to be few seconds, whereas at 293 K it would be of the order of many
minutes. Therefore, large cavities are impracticable for ambient temperature ESRs
and smaller cavities are normally used which cannot be made so highly absorbing
and hence require the application of large corrections (with their associated
uncertainties) for the incomplete absorption of the incident radiation in the cavity.
The advantage of cooling the radiometer to 4 K is that a large cavity can be

constructed with a high absorptance and an acceptable time constant.

2.2.2.2 The Electrical Heaters

Heaters used in cryogenic radiometer and their electrical connections are

shown in Figure 2.4. The electrical heating of the cavity is usually in the form of
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Joule heating by passing a current through an electrical resistance attached to the
cavity. Wire heaters wound non-inductively around the cavity, or more recently thin-
film heaters deposited directly onto the cavity, have been employed. However,
whichever type of heater is used, leads will be necessary to connect the heater to a
power supply. Power will also be generated in these leads which it is difficult to
account for in the power measurement, but which will cause an additional
temperature rise of the cavity. Ambient temperature ESRs have been constructed
with various features designed to overcome this problem, but it still remains a source

of uncertainty for this type of ESR.
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Figure 2.4: Cryogenic radiometers electrical heater system.

A typical heater arrangement for a cryogenic radiometer is shown in figures 2.3 and

2.4. The heaters are located on the cavity; a current from a constant-current source is
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passed through the heater and a standard resistance connected in series. The potential
differences developed across the resistances are measured with a digital voltmeter.

The power generated in the heater is given by

ViV,
R

s

P= (2.4)

where V;, and Vj are the voltages across the heater and the standard resistance Rj,
respectively [48]. The advantage of cooling the cavity is that superconducting wire
can be used to make the final connections between the heater and the reference
block. This ensures that all the power is dissipated as heat in the heater windings and
that the measurement P is an exact measure of the power supplied. Temperature
responses of cavity to the electrical heating of heaters on the cavity (Heater A and

Heater B) are shown in the figures 2.5 and 2.6 respectively.

Heater A
—e— Cavity Temperature
- - +- - Heater Power T 274,0

Cavity Temperature (K)
Heater Power (uW)

Time (sec)

Figure 2.5: Temperature response of cavity to the heater A.
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The requirement of electrical substitution cryogenic radiometer is that a given
quantity of power absorbed by the cavity will lead to a certain temperature rise
regardless of whether the source is electrical or optical. The non-equivalence
correction factor for the optical and electrical heating was calculated and shown in

the figure 2.7.

2.2.2.3 The Heat Flow Path

A thermally conducting heat path that connects the cavity and the reference
block is shown in figure 2.3. To show that the same fraction of heat generated in the
cavity, either by the absorption of the radiant flux or by passing a current through
the heater, will flow along this heat path by conduction to the reference block the
following conditions must be fulfilled [21]:

a) There is no change in the radiative loss from the cavity when the electrical

power is substituted for the radiant power.

b) All the leads to the heater are thermally connected to the heat link, thereby

preventing an alternative heat conduction path from the cavity.

c) The heater is securely connected to the cavity to prevent overheating when a

current is passed.

d) There are no energy losses or gains by conduction or convection during the

measurement sequence.

2.2.2.4 The Temperature Sensors

The temperature sensor used to measure the temperature of reference block is a
germanium resistance thermometer, GRT. This type of thermometer consists of a

small chip of n-type doped germanium supported in a strain-free manner with side
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arms for attaching potential and current leads, the chip is enclosed in a capsule,
typically 3 mm diameter and 8.5 mm long, filled with helium gas [49]. GRT’s
temperature range varies from 0.5K to 30K. GRTs are extremely sensitive; 3mV
across the sensor produces about 1mK temperature rise between 1.5 and 10 K and

hence are very suitable for use in cryogenic radiometers.

The temperature sensor used to measure the temperature of cavity, He reservoir,
and heater is rhodium-iron thermometer (RhFe). RhFe has positive temperature
constant and its time constant for the non inductively wound heaters is of the order
of second, for the thin film heaters it is millisecond. RhFe’s temperature range varies
from 1.4K to 325 K. Unlike most metals and alloys; dilute RhFe alloys (typically
rhodium + 0.5% iron) still have an appreciable change in their resistivity at very low
temperatures and, therefore, make good sensing elements for resistance
thermometers. Wire wound RhFe thermometers have been available for the past
fifteen years [50], but these are physically large devices and not suitable for this
application. However, it is now possible to deposit a thin film of RhFe (with the
similar resistivity characteristics to those of the wire) on a slab of sapphire, 6 mm x
5 mm x 0.5 mm [51]. A line pattern is then etched on the film and trimmed to give a
resistance of approximately 450 Q at 293 K falling to 40 Q at 5 K. There are
possible advantages, which are at present being experimentally assessed, for using

this device instead of a GRT as the cavity thermometer. These include:

a) Better thermal contact to the cavity as the thermal anchoring of the leads is less

critical,

b) A higher measuring current can be used (100 wA) before the self-heating of the

thermometer becomes unacceptable,

¢) The resistance of the thermometer can be measured more easily with this higher
measuring current using commercial a.c. resistance bridges (a.c. measuring
systems have advantages over d.c. systems, for example, in that thermal e.m.f.

effects are eliminated),

d) The response, 06207, for any thin-film RhFe thermometer of the same type is
virtually identical over the temperature range 5 to 10 K (this is not the case for

a GRT). Hence, if a thin-film thermometer is also used to measure the
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temperature of the reference block, then the resistance ratio of the reference
block thermometer vs. the cavity thermometer (which can be measured on one
bridge circuit) will remain constant for small fluctuations of the reference block

temperature.

In conclusion, the temperature sensor is not a limiting factor in the accuracy of

either an ambient temperature or cryogenic radiometer.

2.2.2.5 Temperature of Reference Block

The reference block shown in figure 2.3 is a block of copper, which is
connected to the liquid helium reservoir. The temperature of the block is controlled
near 4.2 K with a stability of better than 10 by a temperature controller and an ac
resistance bridge again; the high thermal diffusivity of copper facilitates this control
[48]. This constant temperature provides a reference temperature for the relative
temperature measurements of absorbing cavity. Because of the high thermal
diffusivity (thermal conductivity/specific-heat capacity) of metals at low
temperatures, it is relatively straightforward to control the temperature of a block of

copper to a few tenths of a mK.

2.2.2.6 Radiometer Sensitivity

Radiometer sensitivity is determined by two parameters:

a) The fist one is the temperature rise of cavity for a given power input, the
greater the temperature rise the greater the sensitivity. The temperature rise
can be calculated with the following equation that is a function of the thermal

conductivity of the heat link and its physical dimensions [52].

_ CA(TC%35 _ TRZ435)

Q 2.35L

(2.5)
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where C is the thermal conductivity, A is the cross sectional area and L is the length
of heat link.

b)  The second parameter is the responsivity of temperature sensor.

2.2.2.7 Temperature Ranges of Cryogenic Radiometer

The upper temperature limit of cryogenic radiometer is the critical
temperature of the superconductor used for the heater leads and is about 10 K. It is
possible that with the development of high temperature superconductors this limit
will be increased and the constraint may then arise from decreasing thermal
diffusivity and the radioative losses from the cavity.

The lower limit is fixed by the temperature of reference block. Using *He
cryostat or dilution refrigerators the lowest achievable temperature using pumped
“He bath is about 0.8 K. But it has been shown that problems can arise if the cavity
temperature is in the region of 3.5 K and blow because in this temperature region
hydrogen gas, the major component of residual gas in the vacuum chamber
condenses [52]. The exact temperature for condensation take place is unique to each

radiometer depending upon the gas pressure of the system.

2.2.2.8 Power Ranges of Cryogenic Radiometer

Because of temperature limits there are problems with maximum and minimum
power using cryogenic radiometer. The upper limit will be influenced by three
factors [52]:

a) The boil rate of liquid helium reservoir, since all the power absorbed in the
cavity will eventually pass in to the liquid;

b) The temperature stability of reference block, this will be more difficult to
achieve with a large heat flow;

c) A large heat flow might create significant temperature gradient in the cavity.
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The lower limit will be influenced by two principle factors:
I.  The sensitivity of temperature sensing, which may in turn be limited by the
thermal anchoring the heater and thermometer wires to the cavity;
II.  The changes in the radiant losses from the cavity due to fluctuations in the
temperature of surroundings.
As a conclusion the lower limit should be of the order of microwatt and upper limit

should be milliwatt.

2.2.3 Measurement Preparations

The radiometer was evacuated to a pressure of about 10” Pa (107 Torr) using
turbo molecular pumping system. Then nitrogen and helium reservoirs were filled
with liquid nitrogen and after 12 hours the helium reservoir was emptied and liquid
helium was transferred into it. The cavity took about 2 hours to cool from 77 K
(liquid nitrogen temperature) to 4.2 K (liquid helium temperature). The radiometer
was maintained in the cooled condition and ready for immediate use. The accuracy
of measurements using the cryogenic radiometer strongly depends on the power
stabilization of the laser beam, cleaning and the transmittance measurements of

Brewster window and minimization of scattered light.

2.2.3.1 Power Stabilization of Laser Beam

In ESCR, high accuracy measurements can be obtained using a collimated
and polarized light with a typical power level of ImW. This is only achieved by
using laser sources because of high intensity, monochromatic and geometrically
well-defined beams. However, lasers have unstable power, that is, their power
fluctuates in time. These undesired fluctuations could be compensated using laser
power stabilizer systems (LPS). In order to compensate fluctuations in the optical
power and generate a geometrically well-defined Gaussian laser beam, LPS system

was used which is shown in figure 2.8.
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The LPS consists of an electro-optic modulator (EOM), a calibrated
beamsplitter, a temperature controlled monitor photodiode and control electronics to
monitor and operate the first two elements. This instrument is a precision instrument
for measuring, modulating and stabilizing laser beam power. The LPS uses a liquid
crystal cell (calcite) to perform the attenuation as shown in figure 2.9 a and b.
Besides optical power control setups, calcite is also used for optical beam
polarization and phase control systems [53].

As a laser stabilizer, the LPS contain a servo, which removes drift and power-
supply noise from the beam. Optics module consists of laser input and output
apertures of 4 mm diameter, mounting holes, neutral density filter (ND) (figure 2.10)

switch for controlling lasers in excess of 200 mW.
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Figure 2.9: a: Calcite crystal, b: polarizer made from calcite.
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Figure 2.10: Neutral density filters and their effect on the photographs.

ND filters are the camera’s equivalent of colourless sunglasses. They simply
reduce a scene’s brightness without changing colour [54]. ND filters are used
excessively by photographers; in figure 2.10. b and c effects ND filter on the
photograph is illustrated. Vertically polarized laser light incident on the LPS ‘s optics
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module first passes through a liquid crystal modulator, which variably dims the
beam, through electro-optic modulation. The light passes through a field aperture to a
precision beam splitter, which transmits %98 of the incident light. The optical beam
after passing through the EOM partially reflected from the wedged fused-silica beam
splitter. In figure 2.11, you can see a wedged beam splitter. Here a wedged beam
splitter is used because with parallel substrates the second surface reflection can
overlap the first surface reflection and lead to unwanted spectral channelling [55].
The higher the parallelism, the worse the problem. This is true for beams with a
coherence length longer than the thickness of the substrate. The reflections from the
surface of the wedge are not parallel and also slightly separated. The reflected beams
from a wedged beam splitter separate as you move away from the beam splitter and
so allow you to use the reflection from only one surface. You should avoid overlap

of reflected beams when using a laser or narrowband monochromatic source.

Ajr 510, Adr

Figure 2.11: Wedged beam splitter.

Precision monitor photodiode receives the reflected beam from the wedged

window and send it back to the EOM. Monitor photodiodes are generally used in
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constant power circuits, because they provide a current output proportional to the
light input, and that current can be used by a feedback mechanism to adjust the
optical power [56]. To insure maximum accuracy, the temperature of this photodiode
is servo-controlled to a constant 33+0.05 °C. This temperature control eliminates
long-term drift and error due to detector temperature variations. The feedback loop
controls the power in the optical beam so as to get the constant signal. In about 30
minute the desired stability can be reached. In the figures 2.12-2.15, power
stabilization of Ar™, Nd:YAG, and He-Ne laser beams between 30-180 minute time
intervals are displayed. The time required for stabilization is approximately 30

minutes, and the stability achieved for each laser is at few parts in 10™
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Figure 2.12: Variation of stabilized Ar" (488.0 nm) laser beam in time
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Figure 2.13: Variation of stabilized Ar" (514.5 nm) laser beam in time
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Figure 2.14: Variation of stabilized Nd:YAG (532 nm) laser beam in time
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Figure 2.15: Variation of stabilized He-Ne (632.8 nm) laser beam in time

A microscope objective (x10), a pinhole (25 um in diameter) and a collimating lens
were used to produce a clean Gaussian laser beam (TEMO00) (figure 2.16 a) with a
suitable dimension. By slightly defocusing the laser beam into the pinhole airy
diffraction patterns (figure 2.16 b) were created. Then, by using suitable
recollimating lens in front of the diffracted beam, the beam of 3 mm diameter (1/¢
points) was obtained. Please note that the dimension mentioned here is the
dimension of the bright spot at the centre of diffraction pattern. A variable iris was
used to allow only this bright spot to pass through. To measure the beam shape of
the lasers used in the measurements a CCD beam analyser was used in the figure 2.8
after the wedged beam splitter. The recorded beam shapes of lasers are shown in the

figure 2.17.
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(a) (b)

Figure 2.16: a: Gaussian beam, b: diffraction pattern.

Figure 2.17: Beam shape of lasers used in the measurements a) Ar at 488 nm, b) Ar"
at 514.5 nm, ¢) Nd:YAG at 532 nm and d) He-Ne at 632.8 nm.
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2.2.3.2 Transmittance Measurements of Radiometer Entrance Window

Generally window itself has the major contribution to the uncertainty,
because contamination present on the window and deviations from the Brewster
angle results unwanted scatter and absorption of the optical beam [47]. Therefore
window was released and cleaned using suitable solutions like ethanol, and lens
paper with drop and drag method and process repeated until the 0.999 transmittance

was achieved [57]. Then window was placed on a gimbal holder (figure 2.18 a) and

adjusted to Brewster angle.

Ordinary ray
Birefringent crystal
—C | —
Front
Extraordinary ray view

(a) (b)

Figure 2.18: a-Gimbal holder, b-birefringence effect of liquid crystal.

The transmittance of Brewster angle window was obtained by taking the ratio
of the signals measured from silicon based trap detector when the window was
present and not present in the path of the optical beam (Figure 2.19). Theoretically
vertically polarized laser beam should pass through the window without any loss at
the Brewster angle but when lasers pass through the EOM due to Kerr effect their

polarization is affected [58]. Kerr effect is the development of birefringence (figure
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2.18.b) when an isotropic transparent substance is placed in an electric field.
Birefringence is the division of light into two components (an "ordinary" 1o and an
"extraordinary ray'm.), found in materials, which have two different indices of
refraction in different directions (i.e., when light entering certain transparent
materials, such as calcite, splits into two beams which travel at different speeds).
Birefringence is also known as double refraction [58]. In order to reform the
polarization a Glan-Laser polarizer is located behind the wedge beam splitter (Figure
2.20). Glan-Laser polarizer is an air spaced calcite polarizing prism mounted in
black anodized aluminum housing for use with low to medium power lasers black
anodized aluminum housing for use with low to medium power lasers. The

measurements carried out with and without using polarizer are displayed in table 2.2.

Window

Spatial -
Laser source EOM Filter edge

:
-
_

o Trap Detector

Flectronic Unit Monitor

Photodiode

Figure 2.19: Transmittance measurement set up for the window

As shown in table 2.2, extra polarizer enhances the transmittance, and at all

wavelengths the transmittance better than %99.9 was obtained. After completion of
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window transmittance, it was remounted to the radiometer entrance and the window
chamber evacuated for at least one hour. Then window was adjusted for minimum

reflection to obtain the Brewster angle.

Table 2.2: Transmittance measurements of window at Brewster angle

Wavelength, A (nm) | 457.1 | 488.0 |514.5 | 532 632.8 | 1064

Transmittance, T % | 99,865 | 99,872 | 99,875 | 99,875 | 99,883 | 99.891
(without polarizer)
Transmittance, T % | 99.948 | 99.949 | 99.961 | 99.961 | 99.961 | 99.962
(with polarizer)
Uncertainty 9.5 5.0 4.8 4.6 4.1 9.1
(parts in 10°)

P s
-

-

Figure 2.20: Glan Laser polarizer.
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2.2.3.3 Minimization of Scattered Light

Stabilized and vertically polarized optical beam enters to the radiometer
through the window inclined to Brewster angle. Absorbing cavity is about 50 cm
behind the window. A quadrant photodiode (Figure 2.21) with 45 mm diameter
active area and 9 mm diameter central hole is located close to the entrance of the
absorbing cavity. Quadrant photodiode is one type of detector, which is used for the
detection of position of the laser beam. It consists of four photodiodes arranged in
four quadrants of a circular structure. These photodiodes are electronically connected
in quadrature to compare the intensity in each half of the beam, both horizontally and
vertically. There is null signal from the quadrant photodiode when all the four
quadrants receive same amount of light. If the beam is displaced from the center, we
get the output from the quadrant photodiode. This output is the measure of the
displacement of the beam and the sign of the output indicates the direction of
displacement. To get accurate measurements the laser beam should be Gaussian, as it
is now in our case. The optical beam enters the cavity passing through this aperture

(Figure 2.22).

Figure 2.21: Quadrant photodiode.
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Figure 2.22: Set up for the minimization of scattered and adjustment of light into the
cavity.

The part of the beam that is not aligned and scattered due to window falls on
the quadrant photodiodes. In order to minimize the fraction of the beam incident to
quadrant photodiodes optical beam was aligned using the method described in [57].
Namely, the optical beam path was closed with the gate valve present about 10 cm
behind the window. Then two pellicule beam splitters were aligned to 45° with
respect to optical axis, pellicule is a French word-meaning camera. First pellicule
was illuminated with a lamp. The illuminated path and the optical beam strikes to the
gate valve were observed on the blackened screen through the second pellicule. The
radiometer was adjusted until the optical beam passed at the center of illuminated
path. Then the gate valve was opened and the precise adjustments were done until the
optical beam entered to the cavity. Scattered portion of beam is observed from the
quadrant photodiodes (Figure 2.23). The radiometer was then carefully aligned until
the signals from quadrant photodiode were minimized. The optical power detected
from these photodiodes was summed and this result was noted as correction value of

scattered laser light for optical power measurements.
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Figure 2.23: Quadrant Diode Wiring Rotue in Cryogenic Radiometer.

2.2.4 Measurement and Calculation of Laser Power

Optical power measurements were performed using static substitution
method. This method based on sandwiching optical temperature between two
electrical temperature points. The range of estimated electrical power levels applied
to give temperature slightly above and below the optical temperature is determined
with thermal link calibrations and they should not be less than the cavity sensivity.
Hence, before starting the optical power measurements thermal link calibration of the
cavity has to be done to determine the cavity sensivity. Thermal link calibration
correlates power with temperature by applying series electrical powers to the cavity
(Figure 2.24).

In the static substitution method a measurement cycle consists of three optical
points  (which should all be identical temperature) and two electrical points
calculated to be slightly above and slightly below the optical value [59]. The
procedure used to find the optical power for a measurement cycle of static

substitution method is as follows (Figure 2.25).
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a- Optical power is applied to the cavity until its temperature stabilizes,
b- The optical beam turned off and an electrical current is applied such that to
obtain the electrical temperature above the optical temperature,
c- The electrical current turned off and optical power is applied again,
d- After temperature stabilization a second electrical-substitution current is
applied to obtain the electrical temperature below the optical temperature.
The cycle continues with optical-electrical (high)-optical-electrical (low) as shown in
figure 2.25. In order to minimize errors from power fluctuations, measurement cycles
were repeated at least twenty times. The optical power was then calculated by using
equation 2.6 according to each group of optical and its adjacent electrical powers
[59].
(T~ Tis1)
(];EZ - TlEl)

P =P

opt et (BEz - EEI) (2-6)

where P and T designate power and temperature respectively, the subscript opt stands
for optical measurement, £/ and iE2 stands for electrical measurements in the it
measurement cycle respectively. The measurements were repeated after 24 hours and
it is shown that power variations are almost in the same limits as shown in figures

2.26-2.29.
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Figure 2.24: Thermal calibration of absorbing cavity.
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Figure 2.25: Static substitution method for the optical power measurements. OPT
designate optical temperature, ETH and ETL electrical high and low
temperatures, EPH and EPL electrical power high and low respectively.
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Figure 2.26: Illustration of optical power measurements of Ar’ (488.0 nm) laser.
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Figure 2.27: Illustration of optical power measurements of Ar' (514.5 nm) laser.
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Figure 2.28: Illustration of optical power measurements of Nd:YAG (532 nm) laser.
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Figure 2.29: Illustration of optical power measurements of He-Ne (632.8 nm) laser.
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Since the optical radiation can be reduced by scattering S(A), by the window
transmittance T(A),by the imperfect cavity absorbance oA),and the optical electrical
nonequivalence N, the measured optical power should be corrected for these

parameters [60,61] .

1 | NE,
P (A) = %{m + S(ﬁ)} (2.7)

The radiation sources used with our radiometer are Ar+, He-Ne and Nd:YAG lasers.
The absolute optical power measurement results and uncertainty in each wavelength
are presented in the table 2.3 along with the emission lines of each laser. The
combined relative standard uncertainty at each wavelength is shown in Table 2.4. In
the table 2.4 various source of uncertainties and their contribution to the optical
power measurements were calculated at 632.8 nm according to guide to expression

of uncertainty measurements in 1993, and listed as an uncertainty budget [62].

Table 2.3: Optical power measurements at various laser wavelengths and
corresponding uncertainties

Laser Wavelength Optical Power Combined Uncegtainty
(nm) (UWW) Parts in 10
Ar+ 488.0 66.342 1.26
Ar+ 514.5 66.199 1.26
Doubled Nd:YAG 532 489.128 1.26
He-Ne 632.8 275.977 1.26
Nd:YAG 1064 501.601 1.53
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Table 2.4: Uncertainty budget for optical power measurement at 632.8 nm
wavelength

Source of uncertainty Relative stat;dlzgg uncertainty
Optical Temperature 0.02
Electrical Temperature 0.01
Electrical Power 0.11
Window Transmittance 0.32
Scattered Optical Power 0.23
Cavity Absorbance 0.05
Repeatability of Optical Power 0.45
Measurements
Non-equivalence 0.15
Expanded uncertainty (k=2) 1.26
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CHAPTER 3

TRANSFER STANDARDS AND REALIZATION OF ABSOLUTE SPECTRAL
RESPONSIVITY SCALE

3.1 Trap Detectors

To link the high accuracy measurements obtained from the ESCR to the other
optical power measurements, trap detectors have been used as transfer standards
[26]. Trap detectors are constructed from single photodiodes, arranged in such a way
that a beam reflected from a photodiode surface is always directed to the surface of
another photodiode. The number of photodiodes in a trap detector varies from 3 to 6.
The basic idea behind the trap detector construction is to reduce the high reflectance
of a detector consisting of a single photodiode.

Trap detectors constructed in UME are reflection type trap detectors, shown
schematically in figure 3.1 consists of three Hamamatsu S1337-11 windowless
photodiodes (Figure 3.2). Diodes are arranged in such a way that incoming beam
undergoes five reflections. In this process most of the incoming radiation is absorbed
and the residual beam is returned back along the incoming beam. Moreover, in this
arrangement sensitivity of photodiodes to the polarization of incident radiation is

removed.
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Figure 3.2: Illustration of single photodiode and its internal structure
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3.2 Optical Characterizations of Trap Detectors

The characteristics and influence parameters of trap detectors were studied
carefully, having in view their use as transfer instruments. The characteristics that
trap detectors should have are [25-26]:

a- Low noise equivalent power;
b- Polarization independency;
c- Low non linearity;

d- Good spatial uniformity;

e- Good temporal stability;

f- Low reflectance losses;

g- High quantum efficiency;

h- Predicted spectral responsivity in the visible region.

3.2.1 Noise equivalent power (NEP)

One of the important figures of merit, which depends on noise characteristics,
is the noise equivalent power (NEP). This is defined as the optical power that
produces a signal voltage (or current) equal to the noise voltage (or current) of the
detector. The noise is dependent on the bandwidth of the measurement, so that
bandwidth must be specified. Frequently it is taken as 1 Hz. The equation defining
NEP is [63]

EAV,

NEP =
AN

3.1)

where E is the irradiance incident on the detector of area A, Vy is the root mean
square noise voltage within the measurement bandwidth Af, and Vg is the root mean
square signal voltage. The NEP has units of watts/(Hz) ", usually called "watts per
root hertz." From the definition, it is apparent that the lower the values of the NEP,
the better are the characteristics of the detector for detecting a small signal in the
presence of noise.
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We measured the NEP by first measuring the voltage noise at the output of

1”2 We convert this to an

our detectors. This linear spectral density has units of VeHz
equivalent optical noise by dividing by the responsivity (A/W) and the

transimpedance gain (V/A). This yields a NEP with units of WeHz "2,

The noise figures of photodiodes used in trap detectors are so good that the
lowest detectable power is limited by the operational amplifier used with the
detector. By the careful choice of amplifier the noise equivalent power of these

photodiodes can be as low as 5x10™> W over the visible spectral region.

3.2.2 Polarization Dependency

The responsitivity of good transfer standards shouldn’t depend on the
polarization state of the beam to be measured. In order to remove the polarization
sensitivity, the photodiodes as shown in figure 3.1 are arranged each to lie in
different plane. In this arrangement incident beam after five specular reflections
emerge from the trap detector with the same polarization as incident beam.
Measuring the change in the responsitivity of trap detectors as they were rotated
about the linearly polarized beam axis, sensitivity of the trap detectors to beam
polarization was checked. Linearly polarized (polarization ratio is 250:1) and power
stabilized (better than 10°) He-Ne laser at 632.8 nm was used as a light source.
Detectors were placed in the beam and rotated around the beam axis to examine the
effect of rotation of the plane of polarization. Signals from trap detectors were
recorded as a function of the rotation angle and normalized to a value obtained at an
arbitrarily chosen origin, to detect relative variation of responsitivity. The maximum
relative variations were obtained are + few parts in 10* as shown in figure 3.3. This
means that any misalignment of detectors would lead to a relative standard
uncertainty of about 10" in the determination of the responsitivity. Therefore, in
order to avoid changes due to misalignment, the detectors must always be oriented

the same way with respect to the direction of polarization thought calibrations.
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Figure 3.3 : Relative change in responsitivity of trap detectors as a function
of the rotation angle about beam axis.

3.2.3 Non-Linearity

A detector is said to be linear if its output signal is directly proportional to the
incident power. Detectors are often linear within certain power level limits, which
are often termed as their dynamic range. Noise will determine the lowest level of
incident light that is detectable. The upper limit of the linearity is determined by the
maximum current that the detector can handle without becoming saturated.
Saturation is a condition in which there is no further increase in detector response as
the input light is increased [64]. Linearity may be quantified in terms of the
maximum percentage deviation from a straight line over a range of input light levels,
which is called non-linearity. The non- linearity of trap detectors was measured
using the flux-addition technique. Intensity stabilized He-Ne laser with a stability of
0.006% was used as the light source. Laser beam was split into two beams A and B,
of about the same powers as shown in figure 3.4. Blocking one each time and

superimposing them on the detector, photo-currents I, Iz and Ixg were measured.
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Using recorded data the non- linearity N is calculated from the following relation

[33,34,65].

(IAB _IA _IB)

N(IAB) = (3.2)
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Figure 3.4: Non-linearity measurement set up. Al, A2, A3, A4 and A5 are apertures,
S1 and S2 are shutters.

Four silicon based trap detectors were used for the measurements. Figure 3.5
represent the non-linearity each trap detectors. Measurements were done at 632.8 nm
He-Ne laser and a series of neutral density filters were used to attenuate the flux
incident on the detector. At about 0.80 mW power level non-linearity varies between
1x10° and 2x10” and above 0.80 mW non-linearity increases. Therefore the
responsitivity of trap detectors is linear to within few parts in 10”. There are many
factors that affect the non-linearity of silicon photodiodes, therefore trap detectors.
Most important factors are: series resistance of photodiodes, the diameter of the

incident beam, photocurent and size of the active area of photodiode[66-68].

47



1E-05 -

Power (mW)

0E+00 | ‘ ‘ | |
> '1E'0§)LDO 0120 \0’40 0,’@- :0’80 1100 1,20
§ -2E-05 - \2
£
g -3E-05 | —¢«—TD-1
z

4E-05 { ——TD-2

——TD-3
-5E-05 1 _ 1p.a
-6E-05 -

Figure 3.5: Non-linearity measurement of silicon based trap detectors TD-1, TD-2,
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3.2.4 Spatial Non-uniformity

This is the variation of responsivity as a function of position across the
detecting surface. A spatially uniform detector would have no changes in
responsivity across the detecting surface. The spatial uniformity of silicon
photodiode and trap detector were sperately investigated by scanning the surface of
silicon photodiode and entrance aperture of trap detector with an intensity stabilised
He-Ne laser (632.8 nm) beam of 1.1 mm diameter at 0.5 mm intervals in two
perpendicular axes using the set up given in figure 3.6. The uniformity of these
detectors was obtained by dividing their responses at the selected point to the
maximum responsivity value. Within the 4mm diameter as shown in figures 3.7 and
3.8 the change in the spatial uniformity of single silicon and trap detectors were

obtained as about 0.003%.
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Figure 3.7: Relative spectral responsitivity maps of trap detector and silicon
photodiode in two-dimensional view.
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Figure 3.8: Relative spectral responsivity maps of silicon photodiode and trap
detector in one dimensional view.

3.2.5 Temporal Stability

This refers to the lack of change of the responsivity with time. The spectral
responsivity of trap detectors were measured four times in a year at four laser
wavelengths and found to be constant to 0,02% as shown in figure 3.9.

The spectral responsivity of all types of silicon photodiodes has been shown to be
sensitive to changes in humidity [69-70]. This has been correlated by Kohler and
shown to be due to changes in the specular reflectance of the photodiodes [70].
However trap detectors are only sensitive to changes in the reflectance of individual
photodiodes to the fifth power. This means that trap detectors are extremely
insensitive to changes in humidity. It is possible some loss of spectral responsivity
may occur if dust particles reside on the individual silicon photodiodes increasing the
diffuse reflectance. However, careful handling of the trap detectors should prevent

this being a significant effect.
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Figure 3.9: Response stability of trap detectors at 632.8 nm He-Ne laser wavelength.

3.2.6 Reflectance Losses

The basic idea behind the trap detector construction is to reduce the high
reflectance looses of a detector consisting of a single photodiode. The incident
photon in a trap detector undergoes five reflections and the residual beam is reflected
along the incident beam. The absolute reflectance of this residual beam in trap
detector was measured using Ar-lon laser at 457.1nm, 488 nm and 514.5 nm
wavelengths, Nd:YAG at 532 nm and He-Ne laser at 632.8 nm wavelength using the
set up given in figure 3.10.

A stabilized laser beam was aligned to incident a point close to the rim of a
mirror. The reflected beam from the mirror falls on the trap detector. Any reflected
beam from this trap detector was measured using another trap detector. The
measurements were repeated by interchanging the detectors. The repeatability in

these measurements was of the order of 10,
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Figure 3.10: Set up for the absolute reflectance measurements of trap detectors.

Relative spectral reflectance’s of trap detectors from 350 nm to 850 nm were
measured using Tungsten halogen lamp, double monochromator and light aligning
components as shown in figure 3.11. The collimated beam reflected from the edge of
flat mirror and incident on the reference and trap detector respectively. The direct
signal is measured from these detectors; the reflected beam from these detectors is
focused onto the photomultiplier tube to be measured. The measurement results are

displayed in the figure 3.12.
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Figure 3.11: Set up for the relative reflectance measurements of trap detectors. Al,
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Figure 3.12: Illustration of reflectance of trap detectors
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3.2.7 Quantum efficiency

Quantum efficiency is defined as the ratio of countable events produced by
photons incident on the detector to the number of photons. Quantum efficiency may
be defined as internal quantum efficiency (IQE) and external quantum efficiency
(EQE). The IQE is the number of electron hole pairs is created per absorbed photons;
the EQE is the number of number of electron hole pairs created per incident photons.
[71] The quantum efficiency is basically another way of expressing the effectiveness

of the incident radiant energy for producing electrical current in a circuit.

1,05 -

1,00 -
0,95

0,90 -

IQE

0,85 -
0,80 +

0,75 ~

0,70 T T T v 1
350 550 750 950 1150

Wavelength (nm)

Figure 3.13: Internal quantum efficiency of trap detector.

The most important advantage of silicon photodiode trap detectors is that IQE
is close to unity [9,25,26,28]. This means the spectral responsivity of trap detector

would not be changed in time and it would be linear over many orders of irradiance.
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Any deflections from unity are called internal quantum deficiency, which is due to
the trap charges at the Si and SiO; interface [26]. This charge attracts the electrons
(the minority carrier in this region) and reduces the number reaching the depletion
region. To calculate the quantum efficiency of the photodiode it is necessary to
quantify this loss mechanism. Typical IQE of silicon photodiode is shown in figure
3.13.  As shown from figure 3.13 there is reduction from unity, which come from
following reasons. Incident photon on a silicon photodiode create electron or hole
pairs and they are measured when they reach the depletion region where the high
field separates them, figure 3.14. Any photon absorbed within the depletion region
will result in the measurement of an electron in the external circuit, i.e unity external
quantum efficiency. Mid-visible photons are likely to be absorbed in this region.
Photons redder than these are likely to be absorbed beyond this region and those

bluer before it.
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Figure 3.14: Diagrammatic representation of interaction of light with a silicon
photodiode as a function of wavelength.

55



When red photons are absorbed they generate an electron hole pair but not in
the depletion region. Before diffusing to this region some of these carriers will
recombine. These will not be measured and so the quantum efficiency will be
reduced. Blue photons are also not absorbed in the depletion region and must diffuse

to it for collection.

3.2.8 Responsitivity

Responsitivity is defined as the detector output per unit of input power. The
units of responsitivity are either amperes/watt (alternatively milliamperes/milliwatt
or microamperes/microwatt, which are numerically the same) or volts/watt,
depending on whether the output is an electric current or a voltage. Knowledge of the
responsivity allows one to determine how much detector signal will be available for a

specific application. The responsivity R(A) of trap detector is given by [72],
el
R=[1-p(Wll1-5(D)]— (3.3)
nhc

where e is the elementary charge, A is the wavelength in vacuum, h is the Planck
constant, ¢ is the speed of light in vacuum, n is the refractive index of medium, p(\)
is the reflectance of trap detector and &(A) is the internal quantum deficiency of trap
detector, and 1- 8(A) is the internal quantum efficiency.

The absolute responsivities of trap detectors at laser wavelengths were measured by
calibrating them against ESCR and the results are displayed in figure 3.15.

So far the characterization of trap detectors that used to link the high accuracy
optical powers obtained from ESCR to the other system were studied. It was found
that the trap detectors made from silicon photodiodes, in the visible region have low
reflectance (~1%), high IQE (~100%), good spatial uniformity (~3x10~) and non-
linearity (~107).

Since the absolute optical power can be measured at discrete laser wavelengths the

responsivity of trap detectors can only be measured at discrete wavelengths. This is
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limited value for the users requiring the broader spectral coverage. To meet these
needs the responsivity values of trap detector were obtained with interpolating and

extrapolating the measured values.
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Figure 3.15: Absolute responsivity measurements at 488 nm, 514.5 nm, 532
nm and 632.8 nm wavelengths using ESCR.

3.3 Interpolation and Extrapolation of Responsivity

Since the spectral responsivity of silicon photodiode in equation 3.3 is
determined by the reflectance of the diode surface and the quantum efficiency,
finding suitable theoretical models that best fit the measured values for reflectance

and quantum efficiency the responsivity of trap detector can be obtained.
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3.3.1 Calculation of the Reflectance of Trap Detector

A photodiode can be described as a Si substrate with a thin layer of SiO, on
the surface as shown in figure 3.16. The reflectance of the photodiode can be
calculated from the thickness of the SiO, layer and the known refractive indices n;
for Si0, and n; for Si. In the visible region, the refractive index of the SiO; is
practically real (n); however, for Si the complex refractive index has real and
imaginary parts (n, k) [72].

The transmission of UV, visible and infrared radiation through the media and
the behaviour of such radiation at all interface between different media are aspects of
the general behaviour of electromagnetic waves which are governed by Maxwell’s

field equations. These equations may be written as [73]

> > 19B (3.4)

- = A= 10D
c c ot

In these equations, E and H are electric and magnetic field vectors
respectively. These two field vectors are often used to describe an electromagnetic
field. The quantities D and B are called the electric displacement and magnetic
induction respectively. These two quantities are introduced to include the effect of
the field on matter. The quantities p and j are electric charge density and current
density respectively, and may be considered as the source of the fields E and H.
These four Maxwell’s equations completely determine the electromagnetic fields and
are the fundamental equations of the theory of such fields.

Consider a ray coming from the air (refractive index n;) to the surface of the
photodiode at an angle of 0; with respect to the normal of surface as shown in figure

3.16. Part of the beam is reflected from the surface of SiO,. The transmitted beam is
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again partly reflected from the interface between SiO; and Si and remaining beam is
transmitted.

The amplitudes of reflected and refracted waves in terms of incident wave
can be obtained using the Maxwell’s equations for homogeneous, isotropic and
source free media (p =0, j=0) and equations 3.4. In order to obtain the electric and
magnetic fields in different media the kinematical and dynamical properties of the
fields at the interfaces should be considered. Kinematical properties describe the
equivalence of incident 0, and reflected 0, angles and Snell’s law. Dynamical
properties describe the intensities of reflected and refracted waves in terms of

incident wave and phase change and polarization.

Reflected Beams
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0
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Si0, / Si
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Si nj

ANANRNN

Transmitted Beams

Figure 3.16: Photodiode structure with behaviour of fields at the interface
between silicon and silicon dioxide.
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Kinematical properties of electric and magnetic fields at the interface require that
both the spatial and time variations should be same [73]. Dynamical properties of

electric and magnetic fields at z=0 requires the continuity of fields at z=0. That is

(EE\+€E,—€ E3)Ai=0

(kxE\+kxE:—k xE3)A=0
e 3.5
(Er\+E2—-E3)xn=0

(ikxE1+kaEz—L,k'xE3)xﬁ =0
u U u

The first two equations describe the continuity of normal components of electric
displacement and magnetic induction. The last two equations describe the continuity
of tangential components of electric and magnetic fields.

The amplitudes of reflected and refracted waves from medium m to n (m,n=1,2,3) in
the interface of two media can be obtained using the continuity equations 3.5.

In applying these boundary conditions it is convenient to consider two separate
situations, one in which the incident plane is linearly polarized with its polarization
vector perpendicular to the plane of incidence (the plane defined by k and n), and the
other in which the polarization vector is parallel to the plane of incidence.

First consider the electric field perpendicular to the plane of incidence, as shown in
figure 3.17 a. All the electric fields are shown directed away from the viewer. The
orientations of the magnetic field vectors are chosen to give a positive flow of energy
in the direction of the wave vectors. Since the electric fields are all parallel to the
surface, the first boundary condition in equations 3.5 yields nothing. The third and

fourth equations in 3.5 give

Ey+Ey,—Ey=0

/ 3.6
\/E(Em - Eoz)cos&i - ﬁE03 costr =0 (3:6)
u My
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while the second, using Snell’s law, duplicates the third, The relative amplitudes of

the reflected and refracted waves can be found from equations 3.6 are given as [74]

_m, cos 0,—n, cosl,

3.7
nmcos@, +n, cos@,

_ 2n, cos@, (3.8)
n, cos@ +n, cosd,

mn

B3 ky Ey ks
Ey B3
ng ng
oy 0y
g3 13 7,3 €313 73
B ey o o
B E
Vkl ‘)/kl
1] Ey B] By
kg ky
(a) ()

Figure 3.17: Reflection and refraction with the polarization, a) perpendicular
to the plane of incidence, b) parallel to the plane of incidence.

If the electric field is parallel to the plane of incidence, as shown in the figure 3.17 b
the boundary conditions involved are normal D, tangential E and; the first, third and

fourth equations in 3.5. The tangential E and H continuous demand that
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cos6,(E,, — E,,)—cosO,E,, =0
/5 / £ (3.9)
_(E(n + Eoz)_ : Ey=0
U My

The relative amplitudes of reflected and refracted fields are therefore for parallel-

polarized light[74]

_n, cos@, —n, cosO,

(3.10)
n,cos@ +n, cosd,

2 0
_ n, cos@, 3.11)
n,cos@ +n, cosO,

mn

At the interface between Si and SiO, the reflectance and transmittance
coefficients are complex The refracted angles 0, and 03 in SiO, and Si respectively

can be calculated using Snell’s law as

0, = arcsin(—n1 sind, J (3.12)
n,

s = arcsin(MJ (3.13)
ns

The partial reflections results in an infinite series of inter reflections between the
surfaces of SiO, layer. The phase difference between two subsequent wave fronts

existing in the front surface of Si0O; layer is

,6’=i—ﬂnztcosé’ (3.14)

1

where A, is the wavelength in the air and t is the thickness of the layer.
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The reflection coefficient amplitude for Si photodiode can be obtained as follows.
Consider a ray incident from air (refractive index n;) upon a parallel plate of
transparent silicon dioxide of thickness and refractive index n,. The situation is
illustrated in figure 3.16.

The incident light partially reflected and transmitted at the first interface. A portion
of light again reflected back and remaining one transmitted as shown in figure 3.18.
The total reflectance r of the plate for rays incident at the angle 6 will be the sum of
all the radiance emerging to the top as in the figure 3.18. For a plate of infinite
extent, there will be an infinite number of inter reflections and overall reflectance

will be as given in 3.18.

1)2r32T 1213212032 T 2T32t2]
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Figure 3.18: Illustration of multiple reflections between two interfaces.
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Using the following identity in these geometrical series

1

b
1—x?

2

o)

x1 (3.16)

i=0

the amplitude reflection coefficient for the photodiode obtained as

PR t12t21;23 exp(-2if3)
2oy }’12;23 exp(-2if3)

(3.17)

The intensity reflection coefficient can be calculated from the amplitude of reflection

coefficient as

psr (@) =l (3.18)

Because of the geometry of device, the angle of incidence of these reflections is
twice 45° for the s plane of polarization, once normal incidence, and twice 45° for

the p plane of polarization. Thus the reflectance of trap detector is [74]

oref = p(0°).0°5(45°).0°p(45°) (3.19)

By using equations 3.7-3.8, 3.10-3.11, 3.17- 3.19 the spectral reflectance’s of
silicon photodiodes and trap detector were calculated over a wavelength range
extending from 250 to 850 nm for polarized beams either in the plane perpendicular
to the plane of incidence -s plane or in the plane parallel to the plane of incidence -p
plane. Calculations were done for two angles of incidence: 45° and an angle close to
0°. The choice of these two angles was determined by the geometry of the trap
detector.The calculated reflectance values s are presented in figures 3.19-3.22. In
VIS and NIR regions the calculated reflectance’s of a silicon photodiode are below
30 % and 45 % for the beams in the plane parallel and perpendicular to the plane of

incidence respectively. For the normal incidence of beam it is at the order of %. In
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the UV region the reflectance become higher therefore corrections need to applied
become larger. On the other hand the reflectance of trap detector include two
reflected beams from the plane perpendicular to the plane of incidence two parallel
beams reflected from the plane parallel to the plane of incidence and one reflected
beam from the plane normal to the plane of incidence. Hence reflectance in the VIS
region decreased below 0.5 % which increase the external quantum efficiency about

sixty times compare to single photodiode.
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Figure 3.19: Calculation of reflectance of p polarized light at 45°.
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Figure 3.20: Calculation of reflectance of s polarized light at 45°.
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Figure 3.21: Calculation of reflectance of s polarized light at 0°,

66



Reflectance %
N

O T T T T
200 350 500 650 800

Wavelength (nm)

Figure 3.22: Calculation of reflectance of trap detector.

3.3.2 Calculation of the Quantum Efficiency of Silicon Photodiode

Silicon photodiodes have IQE close to unity. That is for every photon incident
on the photodiode one electron hole pairs are created. However doe to some loss
mechanisms all the created electron hole pairs wouldn’t contribute to the current
measured in the external circuit. Therefore EQE would be a few tenths of a percent
below unity in the mid visible region of the spectrum and decreases further
elsewhere. Therefore in the mid visible region quantum efficiency can me modelled

as a function of wavelength based on physics of photodiodes.

3.3.3 Models Used for the IQE Calculations of Silicon Photodiodes

e The first models used for the IQE calculations is developed by Geist et al [75]

which is one parameter model describes the wavelength dependence of IQE as
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IQE =1-6 = K[ A exp(-A/ A) + A, exp(-4 | )] (3.20)

where K, Aj, Ay, A and A, are free parameters needs to be determined so as to fit
this equation to the measured IQE values shown in figure 3.23. This is a

mathematical model, does not based on physics of photodiodes.
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Figure 3.23: Measured and modeled (first model) IQE of trap detector.

e Second model used for the IQE is again developed by Geist [76]. This model
approximates the effects of recombination loss at the Si/SiO, interface by collection
efficiency that increases linearly from value of P at the interface to a value of unity at
the depth T into the photodiode. The value T is expected to be roughly equal to the
distance from the interface to the front of the depletion region. The losses at the near
infrared wavelengths are modeled by a term that approximates the internal quantum
efficiency distribution in the uniformly doped bulk region behind the depletion
region. The complete model equation for the IQE of the photodiode is given by
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IOE(A) =P+ i[l —expl-a(A)T]]-

a(A)T

exp[- a(A)H]| (3.21)

a(A)

where o(A) is the absorption coefficient of silicon at wavelength A, H is the sum of
the widths of the front layer and depletion regions, h is the width of the bulk region,
L is the minority carrier diffusion length in the bulk region. Wavelength dependency
of absorption coefficient as shown in figure 3.24 calculated from [36], and the IQE

for this model is obtained as shown in figure 3.25.
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Figure 3.24: Absorption coefficient of silicon photodiode.

Although this model works quite well in the visible region, it does not ideally
reproduce data in the near infrared region. So a new model that give a slight decrease
in the IQE at near infrared wavelengths with the same functional form was

developed.
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Figure 3.25: Measured and modeled (second model) IQE of trap detector.

e This model is the same as previous one except a term added to it to represent a
loss caused by light exiting (or being absorbed) at the back and of the photodiode and
can be dropped if nearly all of the light is absorbed before reaching the back end
[36]. This model is given as

1-P, 1-F
IQE =P, + M{l —expl-a(A)T ]}~ 2G0T (3.22)

{expl-alA)r] - expl-a(2)D]} - P, expl- ar(A)n]

where P; is the quantum efficiency at the Si0,/Si interface. This model assumes that
the quantum efficiency increases starting from SiO,/Si interface and reaches its
maximum value at the p-n junction of the diode at depth T, then it linearly decreases
until Py, the bulk value of silicon, is reached at depth D.

e Another model used to calculate EQE is based on numerical modeling of
photodiodes. This model does not provide equation with adjustable fitting parameters

but formulas are normalized two data points for EQE one at the blue end of the
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spectrum one at the near infrared end. This model is derived from physics of
photodiode as follows.
In a photodiode the number of electron hole pairs contribute to the current is given

by [77]

jh+je
EQF = —+"—¢ 3.23
Q AR, (3.23)

where j, and j, are electron and hole current densities respectively, A is the surface
area incident photon flux. The electron and hole current densities can be obtained by
solving the transport and continuity equations for the photodiode [78]. Solutions of
transport and continuity equations give the quantum efficiencies for electron and

holes as follows [79-80]

S, L S L
I val, - #cosh(ﬁ) + sinh(l) e ™
MI Dl’l D Ll’l L}’l —O
EQE (1) =2 —o e ™| (3.24)
" a’L -1 S,L w w "
" /" cosh(—) +sinh(—)
D L L

n

n

n

S,L,

S, L
7P cosh(i)+sinh(i)—( —al )e™
EQE (A) = oL, ol D Ly L D i 3.25
OF ( )—m » S,L, (3.25)

P

/ /
cosh(—) + sinh(—
(L) (L)

P p p

Where D, and D, are hole and electron diffusion coefficients; L, and L, are hole and
electron diffusion lengths, Syand S are front and back surface velocities and 1 is
thickness of n and p sides.

These are the equations describing the external quantum efficiency for hole and
electron currents. To calculate EQEp and EQE, the parameters L,, L,, D,, D,, S; Sp, [
and w are needed. L, L,, D,, D, [ and w can be calculated for a silicon photodiode.

[81]. The remaining parameters Sy, can be S, obtained by normalizing the above
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equations to the data points one at the blue end of the spectrum and one at the near

infrared end.
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Figure 3.26: Modeling of EQE of trap detector.

3.3.4 Realization of responsivity scale from 350 nm to 850 nm

Spectral responsivity of a trap detector as given in equation 3.3 is defined
with the reflectance and the internal quantum efficiency. Having seen that both the
internal quantum efficiency and the reflectance of trap detector obtained effectively
by the combination of measurements and developed models, the spectral responsivity
scale can be realized using equations 3.3, 3.19 and 3.20. Comparing the calculated
and measured values, it was seen that there is a good agreement between them.
Hence we decided to use this model for the realization of spectral responsivity from

350 nm to 850 nm as shown in figure 3.27. Spectral responsivity in this interval is
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realized with a relative standard uncertainty of 0.25 %. Various sources of

uncertainty and their contributions to uncertainty are given in table 3.1.

Table 3.1: Uncertainty budget for responsivity measurements of trap detectors

Source of uncertainty Relative stagdlaéfd2 uncertainty
Absolute responsivity 0.025
Light stability 0.050
Homogeneity 0.020
Nonlinearity 0.002
Polarization sensitivity 0.010
Multimetre 0.001
Transimpedance 0.002
Stray light 0.020
Scattered light 0.050
Diffuse Stray light 0.050
Temperature variation 0.050
Long term stability 0.020
Interpolation 0.010
Reflectance 0.008
Repeatability of Responsivity

0.074
Measurements
Expanded uncertainty (k=2) 0.25

3.3.5 Extension of Responsivity Scale to UV (250 nm) and NIR (2500 nm)

Expanding responsivity measurements beyond the modelled IQE of trap
detectors requires different calibrated detectors. Detectors are required that cover the
spectral regions of measurement interest and also overlap with the trap modelled IQE
spectral region. If the relative responsivity of the detector were known, comparison
with trap detectors would then transfer the spectral responsivity scale to the detector.

This detector could then be used as transfer standard.
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One method to extend the spectral range of the responsivity measurements is to use a
spectrally flat detector. The spectrally flat detector could be calibrated by comparison
with the trap detector as a working standard. A second method is to use a spectrally
flat detector to measure the relative responsivity of another detector. This detector
could then be calibrated by comparison with the trap detector and used as a working
standard. The latter method was used to extend the spectral range of responsivity
measurements. The transfer method described here uses one broadband, spectrally
flat pyroelectric detector. The flatness of the responsivity is determined by measuring

the reflectance from the pyrolectrics surface.
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Figure 3.27: Responsivity of trap detectors obtained from combination of
measured and modeled values.
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CHAPTER 4

REALIZATION OF RELATIVE SPECTRAL RESPONSIVITY SCALE

4.1 Electrically Calibrated Pyroelectric Radiometer (ECPR)

The Electrically Calibrated Pyroelectric Radiometer (ECPR) system is a £1%
absolute accuracy radiometer, has been used as a transfer standard from UV to mid-
IR range [82]. It can measure the total power and irradiance of continuous wave
sources. The most common application for the ECPR is to transfer an absolute
radiometric calibration to another detector or light source with a high degree of
accuracy. This is accomplished by measuring either the total power (Watts) of
collimated sources that under fill the detector aperture or the irradiance (W/cm?) of
extended sources that overfill the detector aperture. The exceptionally flat spectral
response insures broadband sources are measured with the same accuracy as
monochromatic light, allowing the ECPR to calibrate visible and IR detectors,
standard lamps, blackbody emitters, laser power meters, UV exposure meters, etc
[82].

The ECPR system as shown in figure 4.1 composed of a readout (Rs-5900), a
pyroelectric probe (RsP-590), and an optical chopper (CTX-515). The major

components are illustrated in the block diagram in figure 4.2.

4.1.1 Readout

The Rs-5900 Readout consists of LED indicators for the active measurement
status (Watts or W/cm) and the active probe (RsP-590 Pyroelectric or RsP-595
Silicon), the mode enunciator for power measurement or system test mode. A 12-

button keypad allows for numeric entry and selection of system functions such as
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Units (Watts and dBm), Range Select, Auto Ranging, Calibration Factor
Recall/Store, and the various Test Modes. It also provides access to various signal
test points for system test and calibration, including the Preamp Out, Direct Out and

Mixer Out.

Chopper

Read Out

Figure 4.1: Electrically Calibrated Pyroelectric Radiometer System.

4.1.2 Pyroelectric Probe

The grooving requirement for sensitive infrared detectors that operate at room
temperature motivated the development of the pyroelectric detector. The pyroelectric
detector is important because it has proven to outperform other un-cooled thermal
detectors. The most important pyroelectric detectors consist of triglycerine sulfite
(TGS), strontium barium niobate, polyvinyline fluoride, and lithium tantalate
(LiTaOs) [83].

Pyroelectric material of ECPR present in UME made from LiTaOs, has a
spontaneous or permanent polarization. This polarization is governed by the material

temperature, by the crystal symmetry and bonding. The known pyroelectric materials
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are dielectrics, and change in polarization results in a proportional change in
dielectric constant [83]. This temperature dependent polarization causes charge to
flow if connected to external circuit. The pyroelectric detector is coated with a gold-
black which functions as both a spectrally flat absorber for the incident optical
radiation and the heating resistor for the electrical substitution servo-loop circuit. The
pyroelectric probe consists of a pyroelectric detector assembly and preamplifier in a

common housing.

4.1.3 Chopper

CTX-515 is a 15 Hz, 50% duty cycle optical chopper. It both modulates the
optical signal impinging on the RsP-590 Probe and provides the reference signal to
the lock-in circuitry in the Rs-5900 Readout. A phototransistor is mounted in the
chopper housing diametrically opposite to aperture to generate an electrical reference
signal having 50% duty cycle and 180° out of phase from the chopped signal. The 2.5
cm diameter aperture can be rotated to adjust the phase relationship between the
optical signal and the electrical reference signal. A part of this reference signal is
amplified and passed through the front electrode of the detector to provide electrical
heating signal. The other part of the reference signal is used for phase sensitive

rectification in the lock in amplifier.

4.2 Operation of ECPR

The ECPR employs a unique auto-nulling electrical substitution technique
that precisely generates and measures an electrical signal equivalent to the optical
signal incident on the probe [82]. The radiation to be measured is interrupted by 15
Hz 50 % duty cycle chopper. This is placed as close as possible to the radiation
source so as to minimize chopped background radiation [83]. When the chopped
optical signal is aligned to incident on the pyroelectric material, the resulting time

variation in its temperature will produce a measurable ac current. This current can be
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detected by use of a lock-in amplifier, with the chopping frequency used as the
reference. Since the ECPR is tuned to a single frequency, its operation is affected by
the phase and waveform of the chopped radiation. The optimum condition is a square
optical waveform out of phase with the electrical drive. This is obtained with a
narrow radiation beam centered in the chopper aperture. Measurement errors due to
non-centering of radiation through the chopper aperture may be minimized using an

oscilloscope as shown in figure 4.3.

Black Detector ]
Coating Element Pyroelectric
COptical Signal / Crystal

| [
15 Hz Filter Tndicator

I 1 [
Reference Signal J_LI_'—I_‘—I_‘—

15 He Chupperl

(ptical and Heater Signal
|_ Synchronous | | ., | Power Computation | Power
Drive Circuitry Circuitry Indicator

Figure 4.2: Schematic diagram of electrically calibrated pyroelectric
radiometer.

The ECPR also incorporates frequency sensitive lock-in amplifier circuitry
that automatically rejects any input optical signal that is not frequency matched to the
chopping rate, thereby insuring that any optical radiation that strikes the detector

without having passed through the optical chopper is ignored [83].
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Figure 4.3: Chopper arrangement of ECPR.

When the chopper is open the pyroelectric detector produces a thermal signal
proportional to the optical power incident on the gold-black absorber material. When
the chopper shuts the servo-loop generates electrical current pulses that pass through
the gold-black, which now functions as a precision heating resistor. This electrical
power (I’xR) causes the pyroelectric detector to produce a thermal signal
proportional to the electrical power [84]. The servo-loop increases the magnitude of
the current pulses until the null condition is reached at the output of the synchronous
rectifier circuit. At this point the optical power is equal to the electrical power, and
the electrical power is digitized and displayed. Wave form representations of optical
and reference signals at various stages are illustrated in figure 4.2. When optical and
electrical heating are balanced, the detector output is approximately a square wave at
twice the chopping frequency.

The detector output is processed by a current mode preamplifier designed to
have a flat response up to approximatelly 500 Hz. The resultant low impedance
signal is fed into a waveform independent synchronous rectifier, locked to the
chopper, and adjusted so as to measure the difference between the integrated signals

within successive half periods at 15 Hz. The output of the synchronous rectifier (null
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indicator) is zero when the optically and electrically induced thermal signals are

equal.

4.3 Optical Characterizations of ECPR

To test the performance of ECPR the response non-uniformity, non-linearity,

chopper duty cycle and reflectivity of pyroelectric probe have to be investigated.

4.3.1 Response Non uniformity

Spatial non-uniformity of detector response occurs primarily because of
thickness variations in the detector element. LiTaO; is a hard, brittle material and it
is proven to be quite difficult to obtain a high degree of surface flatness and
parallelism with thin samples required for proper operation. The resulting response
variation is important for two reasons. First, it directly limits accuracy attainable with
a small illuminated area such as that characteristic of laser measurements. Second,
when combined with the difference between electrically and optically excited areas,
it leads to an overall correction factor [83,85,86]. One approach to the problem is to
map the optical response over the detector surface. The map can then be used to
obtain a correction factor for a particular radiation distribution of interest.

The spatial non-uniformity in the response of ECPR is shown in Figure 4.4.
These data were obtained by scanning the detector over a 5 mm x 5 mm region in
0.5-mm steps, using the same size beam as was used for the measurements. The
signals were normalized to a value obtained at the center of detector to detect relative
variation of responsivity. For the region within about 3 mm x 3 mm of the center, the
maximum variation in the detector response is * 0.84%. This rather substantial non-
uniformity is likely to vary from detector to detector and could be improved with a

better absorbing coating.
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Figure 4.4: Spatial response variation of the pyroelectric detector.

4.3.2 Reflectance Measurements

Since thermal detectors rely on only the amount of heat energy delivered,
their response is independent of wavelength. Being thermal detector pyroelectric
materials have spectrally flat response over a broad wavelength range. The change in
the responsivity of these detectors is due to the reflectance of the face electrodes and
other materials placed on the detector surface to efficiently convert optical energy
into thermal energy [83]. Therefore spectral responsivities of these detectors are
derived from spectral reflectance measurements.

The spectral reflectance of pyroelectric probe of ECPR is measured using
monochromator, collimator, integrating sphere, lock in amplifier, ECPR head and
detector system as shown in figure 4.5. As radiant sources tungsten halogen lamp is
used. Silicon photodiode trap detector, InGaAs and HgCdTe detectors are used for
detecting the signals. The spectral reflectance is compared with a white barium

sulphate (BaSQ,) reflectance standard. A collimated beam oriented to incident to the
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ECPR sensitive surface. The measured signal from radiation reflected from BaSOy is
used as the value for 100% reflectance. The spectral reflectance of ECPR at each
wavelength is calculated from the averages of 50 measured reflectance values. The

reflectance p at wavelength A (Figure 4.6) was calculated using following equation.

(4.1)

In this expression, Aq(A), is the average reflected signal of the white standard,
Apa(M) is the average reflected signal of the pyroelectric detector, and Ay(}) is the

average signal of the background.
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Figure 4.5: Reflectance measurement set up for pyroelectric detector.
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Figure 4.6: Spectral reflectance of gold-black coated pyroelectric detector
versus wavelength.

4.3.3 Response Non-linearity

To measure the response linearity of pyroelectric detector, comparison with a
linear reference detector technique was used. Intensity stabilized He-Ne laser with a
stability of 0.006% was used as the light source. The radiant power response was
measured with mechanically chopped, 632.8 nm wavelength laser beam for input.
Neutral density filters were used to attenuate the laser power at seven levels ranging
from 1 mW to 1 nW. The reference for the response linearity of pyroelectric detector
was a silicon based trap detector. During the test pyroelectric detector position was
altered with the reference trap detector position. Comparing the measurements results

a linearity of on the order of 10 was obtained.
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4.3.4 Responsivity Measurements

Pyroelectric materials are inherently spectrally flat over a broad wavelength
range. Therefore the spectral responsivity of a pyroelectric detector dependens on
reflectance of the face electrodes and other materials placed on the detector surface
to efficiently convert optical energy into thermal energy [83,85-87]. The absorbance
of the gold black coating determines the relative spectral responsivity, provided the
transmition through the detector is negligible and the reflectance is low. Then the
relative spectral response of the detector can be determined from a spectral
reflectance measurement, if we assume that the gold black transmittance is negligible
and the relative detector response is proportional to 1 minus the measured
reflectance. Using the law of conservation of energy the absorptance o,(A) is given

as [87]
a,(4)=1-p,(4) (4.2)

where pp(A) is the reflectance and the transmittance T,(A) is assumed to be equal to

zero. The predicted spectral responsivity Ry(A) of the pyroelectric detector is [87]
A
s,(4)=[1-p,()kF, {—} 43)

where CF, is the calibration factor, which scales the output signal to the optical
power received by the pyroelectric detector, is determined by calibrating ECPR
against ESCR.

Besides the reflectance of pyrolectric detector coating the main parameter that
mostly affect the calibration factor to be slightly different is spatial non-uniformity.
Therefore in order to obtain a correction factor to compensate the effects arise from
illuminated area, we multiplied equation 4.3 with a homogeneity correction factor

HCF, need to be mapped over the detector surface.
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R (2)=[1-p,(A)xCF,x HCF, {%} (4.4)

4.3.5 Calibration of ECPR against ESCR

The optical system used to calibrate ECPR system against ESCR is shown in
figure 4.7. The responsivity of ECPR was measured in terms of Amper/Watt.
Intensity stabilized laser beam was sent into the ESCR where optical power was
measured absolutely. Then the current response of ECPR was measured by moving it

into the optical path entering ESCR.
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Laser |} [Laser Power ||! | Electrical Substitution
Source I Stahilizer Sjrsteml l I l I P—1 Cryogenic Radiometer
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Readout

Figure 4.7: Responsivity measurement of ECPR system against ESCR.

As it was mentioned with ECPR the optical and electrical signals equated that
is when null condition is reached data can be recorded. However signal-displaying

time is too short due to the null condition time. So, the limited data can be recorded
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during each null condition time. To get more data in each null condition time we
developed 8-channel 8-bit ADC card, which is ISA bus compatible, to take electrical
voltage directly related to the power level of light. Main element of the card is an
ADC 0808, which has tri-state (1, 0, Hi-Z). This card is capable of reading the
voltage proportional to the power level of light through ISA bus when the null
condition led turn on. A physical link was made between the null condition LED of
ECPR and the 3" bit of status port parallel port, which operates in Standard Parallel
Port (SPP) mode. A suitable software instruction based on C/C++ is made so that
when the null condition is reached, the mentioned 8-bit ADC samples the voltage
proportional to light power level. The voltage data is stored on the files that are
opened by software, which can be opened under MS Excel. Voltage is taken in
parallel format through 0x303 H address over the data port of ISA and the data is
processed in the software developed. The conversion time of ADC is 100usec and
reference voltage is 2,5 volt. The resolution of card corresponding to this reference

voltage is approximately is 10 mV.
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Figure 4.8: Spectral reflectance measurement results of pyroelectric detector.
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ECPR was calibrated against ESCR at vertically polarized tunable Ar+ (488 nm,
514.5 nm), He-Ne (632.8 nm) and Nd:YAG (532 nm) lasers wavelengths with a
standard uncertainty of 0.50 %. The sources of uncertainty and their contributions to
uncertainty are given in the table 4.1 . At four laser wavelengths an average
calibration factor of 1.005 was found. After determining the calibration factor, using
equation 5 and reflectance values measured in section 4.5.2 the spectral responsivity

was realized from 250 nm to 2500 nm.

Table 4.1: Uncertainty budget for responsivity measurements of ECPR.

Source of uncertainty Relative staidlaé_d2 uncertainty

Power 0.006
Light stability 0.002
Homogeneity 0.126
Wavelength calibration 0.020
Reflectance 0.173
Repeatability of Responsivity 0.128
Measurements

Expanded uncertainty (k=2) 0.50

4.4 Relative Spectral Responsivity Measurements of Working Standards Using

Spectrometer

The relative spectral responsivity scale at UV and NIR wavelengths is made
in conjunction with the reference spectrometer. The configuration of the reference
spectrometer for spectral responsivity measurements is shown in figure 4.9. The
central unit of a reference spectrometer is the monochromator whose basic elements
are shown in figure 4.9 and its important parameters are given in the table 4.2.
Having interchangeable gratings and order sorting filters, it covers the range 200 nm

to 30 um, and it is fully programmable via PMC3B dual output stepping motor drive
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[88]. In double monochromator design independent control of two halves achieves a
degree of wavelength tracking. Accurate wavelength tracking allows a narrow central

slit, which optimizes the signal to scattered light ratio.

Table 4.2: Monochromator parameters.

General Specifications
Focal Length 300 mm
Slits 10um to 10 mm variable
Slit Height 20 mm
Number of Gratings 3
Grating Size 68 mmx84mm
Aperture Ratio f/ 4.1 (at all grating angles)
Resolution 0.1nm at reduced slit height, 0.3 nm
with full slight height of 20 mm.
Dispersion 2.7 nm/ mm
Mechanical Resolution of Grating Drive | 0.0018 degrees per motor step
Wavelength Acquisition Speed 1000 nm / sec
Wavelength Accuracy 0.2 nm
Wavelength Reproducibility + 0.5nm

The input optics of spectrometer in figure 4.9 includes a spherical concave
and a cylindrical concave mirrors to image the source onto the monochromator
entrance slit with a magnification of two. This magnification provides a complete
illumination of the grating aperture with some overfilling. The overfilling increases
the stray light slightly, but minimizes sensitivity to misalignment. The purpose of the
cylindrical mirror is to correct for astigmatism of the optical system [89]. The
mirrors are made from glass; substrate, aluminum coating, and magnesium fluoride
overcoat which makes the reflections of the input optics independent of wavelength
in the spectral ranges of interest. The light emitted by the source and reflected by the
condensing mirrors passes; the order-sorting filter wheel before reaching the entrance

slit. The order sorting filters are interchanged at nominal wavelengths to stop the
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radiation from higher-order diffraction of spectrum that would overlap with the
working range. The order sorting filters used in the monochromator are given in the
table 4.3. The flat mirror diverts the light from the slit to the first collimating mirror,
which in turn illuminates the diffraction grating by a parallel white light beam.

The monochromator holds up three, permanently mounted gratings on a
rotating turret (Table 4.3). Grating selection and positioning are completely
programmable. A combination of mechanical gearing and micro stepping results in a
resolution of 500000 steps per revolution of the turret and the wavelength acquisition
speeds in excess of 500 nm/sec in the visible. The grating disperses the light and a
narrow-band (near-monochromatic) beam is focused to the exit slit by the second
collimating mirror and via a rotary flat mirror. This mirror is rotated away to view
the beam onto the second exit slit during the alignment of the condensing optics.

In double monochromator grating in each halves must be rotated in exact
synchronisation. This is be achieved by mechanically linking them together. To
avoid backlash of the grating drive mechanism introducing uncertainty in the
wavelength alignment it scan the spectrum in only one direction, usually from short

to long wavelengths.

Table 4.3: Spectrometer parameters; filters and gratings.

FILTERS GRATINGS
Number| nm |Number| nm Max. Blaze
2000 Lines/mm | Wavelength | Wavelength
1 0 5
(nm) (nm)
2 400 6 3800 1800 900 500
3 700 7 7000 600 2500 1600
4 1200 8 12000 100 16200 9000

The light beam emerging from the slit is diverted and collimated by a 90-
degree off axis parabolic mirror. A small limiting circular aperture is placed in front
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of the exit slit to decrease the scattered light from the slit blades of the
monochromator. A baffle with a circular aperture is used to stop the stray light
scattered by the off -axis mirror. This optical set-up can also be applied for
measurements of spectral transmittance, reflectance, and responsivity The light
sources used in the measurements are tungsten halogen and deuterium lamps. Their
spectral distributions are given in the figures 4.10, 4.11. These lamps cover a wide
spectral range, including the UV, VIS and NIR regions. Although the quartz tungsten
halogen lamp produce useable outputs in the UV region, at least down to 200 nm, the
output of these short wavelengths is quite low and declines rapidly with wavelength.
Deuterium arc lamp overcome this limitation of the quartz tungsten halogen lamp in
this spectral region, and they do so with little output above a wavelength of 500 nm

except for a strong but narrow emission line at about 660 nm [90].
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Figure 4.9: Schematic representation of the spectrometer configuration used in
spectral responsivity measurements. OSF, order-sorting filter; CSM1,
CSM2, CSM3, CSM4 collimating spherical mirrors; M1, M2, M3, M4
flat mirrors; CA, circular aperture; LA, limiting aperture; OPM, off-axis
parabolic mirror; DHU, detector holder unit; RD and TD, reference and
test detectors; DVM, digital voltmeters.
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Figure 4.10: Spectral irradiance from a quartz halogen lamp 50 cm from the filament.
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Figure 4.11: Spectral irradiance of a deuterium lamp 50 cm from the filament.
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4.5 Relative Spectral Responsivity Measurements of Silicon (Si), Silicon Based
Trap detector (TD), Germanium (Ge), Indium Galium Arsenide (InGaAs) and
Photometer Heads in UV, VIS and NIR Regions

This part of the work deals with the investigations of the relative spectral
responsivity within ultraviolet and the near-infrared spectral range using Si, Ge,
InGaAs photodiodes, trap detectors and photometer heads. Si and Si based trap
detectors are most commonly used detectors in the spectral range from 250 nm to
1100 nm both as working and transfer standard. Photometer heads have silicon based
detector and V-lambda filter, used in realization of photometric units. Ge and
InGaAs detectors are mainly used in the spectral range from 850 nm to 1800 nm.
Calibrations of Ge and InGaAs detectors in the NIR spectral region are very much
desired for two main reasons [91].

e In recent years, the application of optical fibers in the fields of telecommuni-
cations, optical metrology, material processing, diagnostics etc has greatly increased.

e The Nd: YAG laser at the wavelength 1064 nm is very common as one of the
universal working tools in radiometry. Therefore, a careful spectral characterization
of transfer detector standards for the NIR is necessary. It is the prerequisite for a low
transfer uncertainty within the so-called radiometric chain [92], because these
detectors can be used as a link between cryogenic radiometers as the national
primary standards [93] on the one hand and the users or calibration laboratories on
the other.

The relative responsivities were measured using the set up given in figure 4.9.
The reference detector in UV and NIR regions is a spectrally flat ECPR, whose
spectral characteristic was studied in the section 4.5, allows us to derive relative
responsivity scale between 250 nm and 400 nm using Si photodiode and Si trap
detectors detectors, between 380 nm and 780 nm photometer heads and between 800
nm and 1800 nm using Ge and InGaAs detectors.

The relative responsivities of these detectors were measured using substitution
method. The substitution method uses a reference detector (rd) to transfer its

responsivity to test detector (td) as given in the following equation
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R,(A)=—~<—R (1) (4.5)

where Vi and V.4 are the output voltages of test and reference detectors respectively,
Gy and Gy are gains for transimpedance amplifiers. Here reference detector is the
pyrolectric detector. Ry (A) is the responsivity of reference detector at the specified
wavelength.

Figures 4.12 - 4.20 show the spectral responsivity of Si, Si based trap
detectors, Ge and InGaAs detectors. Since all the detection mechanisms in Si, Si
based trap detectors, Ge and InGaAs photo detectors are wavelength dependent, i.e
there is a peak in responsitivity with a fall of at both long and short wavelengths. The
long wavelength (low photon energy) cut off occurs because there is a certain
minimum photo-energy required to generate electron hole pairs. The short cut off is a
function of two effects [94]:

e The responsitivity in terms of power drops off because there are fewer short
wavelength photons per watt.

e At the extreme short wavelength end, the energetic photons may no longer be
absorbed in the sensitive region. In the deep ultraviolet, absorption of photons before
they reach the sensitive region is a problem. Detectors windows, or surface coatings
can also contribute to the spectral shape of the responsitivity curve.

Responsivity of Si photodiode increases with wavelength reaches its peaks
value of 0.5225 A/W at 930 nm and then decreases abruptly. Beyond 1100 nm it
becomes almost transparent. The deviation of responsivity from theoretical value is
due to variety of reasons. First, there are some defects at the interface between Si and
SiO; interface, which cause loss of carriers. Next, electron hole pairs that form
outside the depletion region have different photon electron hole pair collection
efficiencies and recombination rates than electron hole pairs formed in the depletion
region. Also, reflections at the diode surface are wavelength dependent.

Trap detectors made from single element Si photodiodes have better optical
properties (polarization independency, low reflectance looses, high quantum external

efficiency, predicted spectral responsivity in the visible region ect.) compared to Si
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photodiodes. Therefore they have almost linear responsivity from 350 nm to 900 nm
and reaches maximum value of 0.7445 A/W at around 950 nm.

The spectral responsivities of both InGaAs and Ge photodiodes are shown in
figures 4.19 and 4.20. The responsivity of InGaAs photodiode increases sharply from
about 0.1067 A/W at 850 nm to 0.7193 A/W at 1000 nm. Then the responsivity
increases slowly below 1000 nm to 1600 nm. The cutoff at 1600 nm corresponds to
the band gap of the InGaAs and the cutoff below 1000 nm corresponds to band gap
of the topmost InP layers [95].

The spectral responsivity of Ge also measured from 850 nm to 1800 nm.
Corresponding to the direct band gap of Ge, there is a very sharp cut-off of the
responsivity at about 1590 nm [91,96]. The soft shoulder between 1600 and 1800 nm
corresponds to the indirect band transitions and the finite thickness of the Ge wafer
[96]. Compared to (spectrally non-extended) InGaAs detectors, the Ge detectors
cover a broader wavelength range. That is there is a reasonable responsivity up to
about 2000 nm. However, the lower shunt resistances (varies from 780 Q to 830 Q)
of Ge make it difficult to handle at low radiation signals and at not well-defined
temperatures[91].

In figures 4.21 and 4.22 spectral responsivity of photometer heads and in
figures 4.23 and 4.24 spectral responsivity of filter radiometers are displayed. Both
photometer heads and filter fadiometers consist of trap detector and filters.
Photometer heads have filter that transparent to the wavelengths in the visible region
and used in the photometric measurements. On the other hand filter radiometers can

have various filters each time in order to be used in the irradiance measurements.
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Figure 4.12: Spectral responsivity of silicon photodiode detector.
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Figure 4.13: Spectral responsivity of trap detector (TD-1).
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Figure 4.14: Spectral responsivity of trap detector (TD-2).
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Figure 4.15: Spectral responsivity of trap detector (TD-3).
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Figure 4.16: Spectral responsivity of trap detector (TD-4).
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Figure 4.17: Spectral responsivity of trap detector (25.4).
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Figure 4.18: Spectral responsivity of trap detector (25.4-1).
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Figure 4.19: Spectral responsivity of InGaAs photodiode detector.
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Figure 4.20: Spectral responsivity of Ge photodiode detector.
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Figure 4.21: Spectral responsivity of photometer head (941114).
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Figure 4.22: Spectral responsivity of photometer head.
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Figure 4.23: Spectral responsivity of filter radiometer (25.4).
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Figure 4.24: Spectral responsivity of filter radiometer (25.4-1).
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CHAPTER 5

CONCLUSION

Absolute optical power scale has been realized by using helium cooled UME
primary level electrical-substitution cryogenic radiometer. The scale was established
at discrete laser wavelengths of vertically polarized tuneable Ar+, fixed He - Ne and
Nd: YAG (with second harmonic) laser source. To generate a geometrically well-
defined Gaussian laser beam a laser power stabilizer system was employed to the
measurement system, which were kept power level stable to better than 0.001%.
Performing the measurements at the highest level of accuracy require considerable
care in preparations like power stabilization of laser beam, cleaning and
transmittance measurements of window at the Brewster angle, minimization of
scattered optical power and temperature-to-power sensitivity of radiometer cavity.
The weakest component in this system is the window, because contamination’s and
its imperfect alignment to the Brewster angle affect the beam entering to the cavity
too much.

Since the laser sources having different output power levels were used for the
optical power measurements the sensitivity of the radiometer cavity to these power
levels was checked by thermal link calibrations. The thermal link calibrations are
important for obtaining minimum and maximum electrical power levels, which
should be apply to the cavity by electrical heater. Because the sensitivity of cavity
was found around 2.3 mK/uW, the power span for the electrical heating was kept as
5 uW. The absolute optical power was then measured and calculated at microwatt
levels with relative standard uncertainty of 1.2x10™ for 488 nm, 514.5 nm, 532 nm
and 632.8 nm wavelengths and 1.5x10™ for 457 nm and 1064 nm wavelengths.

After realization of absolute optical power scale the absolute spectral

responsivity scale was established in UME between 350 nm and 850 nm wavelength
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ranges. The scale is based on UME made reflection type trap detector consisting of
three single element silicon photodiodes. The absolute responsivity was linked to the
absolute optical power using laser stabilization optics and electrical substitution
cryogenic radiometer system at discrete laser wavelengths. Then using physical
models for the trap detectors, reflectance and internal quantum efficiency the
absolute scale was realized with an expanded uncertainty of 0.05 %.

Moreover various measurements systems were established in order to make
optical characterization of trap detectors like linearity, polarization sensivity,
uniformity and spectral responsivity. For the nonlinearity measurements, flux
addition technique was used and it was found that trap detectors in the 0.1 mW to 0.8
mW power ranges are linear within 10”. The polarization sensivity was obtained by
measuring the responsivity as a function of rotation of trap detectors around the beam
axis. Results shows that any misalignment of trap detectors leads to a maximum
polarization sensivity of 10 in the responsivity. The uniformity measurements
obtained by scanning of entrance aperture of trap detectors provides us the variation
of responsivity across the detecting surface of trap detectors which is about 3x107
within the 6 mm diameter.

The relative spectral responsivity scale from 250 nm to 350 and from 850 nm
to 2500 nm has been realized using ECPR traceable to the ESCR. ECPR was
calibrated against ESCR at vertically polarized tunable Ar+ (488.1 nm, 514.6 nm)
and Nd:YAG (532.0 nm) and fixed He-Ne (632.8 nm) lasers wavelengths with a
standard uncertainty of 0.5 %. At four laser wavelengths an average calibration
factor of 1.005 was found. The main parameters that mostly affect the calibration
factor to be slightly different at each laser wavelengths are spatial non-uniformity
and reflectance of pyrolectric detector coating. In order to obtain a correction factor
to compensate the effects arise from illuminated area for each laser wavelengths, the
optical response was mapped over the detector surface. For the 0.4 cm” region the
spatial non-uniformity variation of responsivity was found to be less than 0.84 %.

Assuming the gold black transmittance of pyroelectric detector is negligible
we have determined the relative spectral response of the detector from a spectral
reflectance measurement. In the 250-2500 nm region the reflectance measurements

indicated that the gold black coating is spectrally flat within 0.1 %.
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