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Preface

The calibration and related measurement services of the National Institute of Standards and
Technology (NIST) are intended to assist the makers and users of precision measuring
instruments in achieving the highest possible levels of accuracy, quality, and productivity. NIST
offers over 300 different calibrations, special tests, and measurement assurance services. These
services allow customers to directly link their measurement systems to measurement systems and
standards maintained by NIST. NIST offers these services to the public and private
organizations alike. They are described in NIST Special Publication (SP) 250, NIST Calibration
Services Users Guide.

The Users Guide is supplemented by a number of Special Publications (designated as the
“SP 250 Series”) that provide detailed descriptions of the important features of specific NIST
calibration services. These documents provide a description of the: (1) specifications for the
services; (2) design philosophy and theory; (3) NIST measurement system; (4) NIST operational
procedures; (5) assessment of the measurement uncertainty including random and systematic
errors and an error budget; and (6) internal quality control procedures used by NIST. These
documents will present more detail than can be given in NIST calibration reports, or than is
generally allowed in articles in scientific journals. In the past, NIST has published such
information in a variety of ways. This series will make this type of information more readily
available to the user.

This document, SP 250-41 (2008), NIST Measurement Services: Spectroradiometric Detector
Measurements, is a revision of SP250-41 (1998). It covers the calibration and special test of
spectral radiant power responsivity for photodetectors from 200 nm to 1800 nm (Service ID
numbers 39071S - 39081S in SP 250, NIST Calibration Services Users Guide). Inquiries
concerning the technical content of this document or the specifications for these services should
be directed to the authors or to one of the technical contacts cited.

NIST welcomes suggestions on how publications such as this might be made more useful.
Suggestions are also welcome concerning the need for new calibration services, special tests, and
measurement assurance programs.

Belinda L. Collins Katharine B. Gebbie
Director Director
Technology Services Physics Laboratory
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Abstract and Key Words

The National Institute of Standards and Technology supplies calibrated photodiode standards
and special tests of photodetectors for spectral radiant power responsivity for the wavelengths
from 200 nm to 1800 nm. The scale of spectral radiant power responsivity is based solely on
detector measurements traceable to the Primary Optical Watt Radiometer (POWR), the reference
absolute cryogenic radiometer maintained by the National Institute of Standards and
Technology’s Optical Technology Division. Solid-state transfer standard detectors are used to
transfer the optical power unit, the optical watt, from this cryogenic radiometer to working
standard detectors used in monochromator-based facilities where routine measurements are
performed. A description of current measurement services is given along with the procedures,
equipment, and techniques used to perform these calibrations. Detailed estimates and procedures
for determining the uncertainties of the reported values are also presented.

Key Words: calibration; detector; measurement; photodiode; photodetector; power responsivity;
quantum efficiency; radiometry; spectral; standard; uncertainty
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1. Introduction

This document describes the National Institute of Standards and Technology (NIST)
Measurement Service for spectral radiant power responsivity in the ultraviolet (UV), visible, and
near-infrared (NIR) spectral regions (200 nm to 1800 nm). This Measurement Service provides
calibrated silicon photodiodes (200 nm to 1100 nm) and calibrated customer-supplied
photodetectors in the 200 nm to 1800 nm spectral region. This document supersedes NIST
Special Publication 250-41 (1998), “Detector Measurements: Part I - Ultraviolet Detectors and
Part II - Visible to Near-Infrared Detectors.”

The theory, measurement system, operation, and transfer standards of the Spectroradiometric
Detector Measurement Service are described in this publication. The traceability of the spectral
radiant power responsivity scale to the NIST reference absolute cryogenic radiometer and
detailed uncertainty estimates are discussed. Also presented are the spectral radiant power
responsivity measurement services provided by NIST and the quality system that complies with
ISO/IEC 17025 [1].

The material presented in this document describes the equipment and procedures for the
Spectroradiometric Detector Measurement Service as they exist at the time of publication. NIST
is continually evaluating and improving the equipment, procedures, and services it offers. The
discussions in this document will be primarily directed at the procedures developed to measure
the spectral radiant power responsivity of photodiodes supplied by NIST to customers. The
procedures for characterizing customer supplied detectors are based on the procedures developed
for the NIST-furnished devices.

Note: This document follows the NIST policy of using the International System of
Units (SI). Only units of the SI and those units recognized for use with the SI are
used. Equivalent values in other units may be given in parentheses following the
SI values. The mechanical drawings in Sec. 9.4 were originally prepared in
English units and are presented without converting the values shown to SI units.

Background

Many radiometric, photometric, and colorimetric applications require the determination of the
spectral radiant power responsivity of photodetectors. The spectral radiant power responsivity is
the ratio of the signal from the photodetector (amperes or volts) to the spectral radiant flux
(watts) incident on the photodetector. The spectral radiant power responsivity is often referred
to as spectral power responsivity or simply, spectral responsivity. Calibration of the spectral
power responsivity of photodetectors has been a service provided by the Optical Technology
Division and its predecessors for over 30 years.

Various techniques have been employed to determine photodetector spectral power responsivity
[2, 3]. In the late 1970’s a room-temperature electrical substitution radiometer (ESR), also
known as an electrically calibrated radiometer (ECR), was used in conjunction with lasers [4, 5]



as the detector scale base. Relative uncertainties were reported on the order of 1 % to 3 %! over
the spectral range from 390 nm to 1100 nm [6].

Note: This document conforms, to the ISO Guide to the Expression of
Uncertainty in Measurement [7], and follows the NIST policy [8-10] to use an
expanded uncertainty with £ =2 for the results of calibrations. Also, note that
uncertainty components are listed as standard uncertainties and expanded
uncertainty is used for the final results of calibrations.

A major advance came in the early 1980’s with the silicon photodiode self-calibration techniques
[11, 12] and the subsequent introduction of 100 % quantum efficient (QE) photodiodes [13] and
their use as the basis for detector calibrations. These photodiodes were used in the development
of the United Detector Technologies (UDT) QED-2002 trap detector, which is a light-trapping
device, constructed of three, windowless, UV inversion-layer silicon photodiodes. The
QED-200 had a limited spectral range (usually 400 nm to 750 nm) where it operated with 100 %
QE, and suffered from limited dynamic range due to the relatively high reverse-bias voltage
used. The spectral power responsivity was transferred to customers at this time by the Detector
Response Transfer and Intercomparison Program (DRTIP). Customers would rent a radiometer
from NIST and transfer the detector scale to their working standard(s). The scale relative
uncertainty ranged from 0.6 % to 4 %! over the spectral range from 250 nm to 1100 nm [14].

A second generation trap detector (very similar to the then commercially available Graseby
Optronics QED-1503) was later used as the basis for the NIST spectral radiant power
responsivity scale [15]. Both second generation trap detectors are constructed with a different
type of silicon photodiode (Hamamatsu S1337-1010). They do not have 100 % QE, but the QE
could be measured with the QED-200, and extrapolated with high accuracy over a large spectral
range from 400 nm to 900 nm [16]. Relative uncertainties were reported on the order of 0.2 % to
0.7 %! over the spectral range from 250 nm to 1100 nm (between 200 nm and 250 nm, the
relative uncertainty was reported as 3.5 %!). The next advance came in the late 1980’s when
cryogenic ESRs were reported with improved uncertainties over the 100 % QE detector-based
measurements [17-19]. The use of cryogenic ESRs in detector-based radiometry is discussed in
Refs. [20, 21].

In the 1990’s NIST improved and expanded the spectral responsivity measurements it provided
to its customers. The most significant change was to base the measurements on the NIST High
Accuracy Cryogenic Radiometer [22]. At the time, the HACR was the U.S. primary standard for
optical power. Today, a second generation reference cryogenic radiometer, the Primary Optical

IExpanded uncertainty with k=2, converted from the originally stated uncertainty in “3 standard deviation
estimate” or “3c” used by NBS at the time.

2Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such
identification does not imply recommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the

purpose.

3The QED 200 was originally manufactured by UDT Instruments; a part of United Detector Technology. UDT
Instruments was sold and became Graseby Optronics in Orlando, FL. UDT Instruments is now a part of Belfort
Instruments with headquarters in San Diego, CA (http://www.udtinstruments.com/).
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Watt Radiometer (POWR), is the U.S. primary standard for optical power [23]. The spectral
responsivity scale [24] is transferred by various detectors, including second generation silicon
photodiode trap detectors, to working standards used with the NIST Visible to Near-Infrared [25]
and Ultraviolet Spectral Comparator Facilities (hereafter referred to as the Vis/NIR SCF and UV
SCF respectively in this document) where the Spectroradiometric Detector Calibration Service
measurements are performed. The next generation trap detectors, sometimes referred to as
“tunnel-trap” detectors, [26] have external quantum efficiencies (EQE) (equal to Internal QE
times its reflection loss, defined to be 1-reflectance) equal to 0.998 within 0.1 % between
500 nm and 900 nm [27].



2. NIST Spectroradiometric Detector Measurement Service

This section describes the photodetector calibrations and measurements offered by the Optical
Technology Division. A complete listing of the calibration services offered by NIST can be
found in the NIST Calibration Services Users Guide NIST Special Publication 250 (NIST SP
250) on the NIST Calibration Services web page:

http://ts.nist.gov/calibrations.

The NIST Calibration Fee Schedule (SP 250 Appendix Fee Schedule) lists the current cost for all
NIST calibration services. The Fee Schedule is typically updated in January and can be found
on the above web page.

2.1  Description of Measurement Services

There are two types of measurement services provided by NIST: Fixed Services and Special
Tests. Fixed services (Service ID numbers ending in the letter C) have fixed measurement
conditions and NIST issues a calibration report to the customer. Special tests (Service ID
numbers ending in the letter S) have no fixed measurement conditions; these services are for
unique customer-supplied test items.

The present spectral range for photodetector power responsivity measurements is from 200 nm to
1800 nm. Table 2.1 lists the services offered along with typical measurement ranges and the
typical uncertainties of customer-supplied devices. All services listed are provided routinely.
The relative expanded uncertainties of the Spectroradiometric Detector Measurement Service are
listed in Table 2.2 and plotted in Fig. 2.1. See Sec. 7 for a detailed uncertainty explanation.

Table 2.1. NIST spectroradiometric detector measurement services

Service ID Relative expanded

number ftem of test Range uncertainty (k =2)
39071C Ultraviolet Silicon Photodiodes (OSI Optoelectronics UV-100) 200 nm to 500 nm 03%to4 %
39072C Retest of Ultraviolet Silicon Photodiodes (UDT Sensors UV100 200 nm to 500 nm 03%t04 %

or OSI Optoelectronics UV-100)

39073C Visible to Near-Infrared Silicon Photodiodes 350 nm to 1100 nm 02%t03 %
(Hamamatsu S2281)

Retest of Visible to Near-Infrared Silicon Photodiodes o o
39074C (Hamamatsu $1337-1010BQ or S2281) 330 nm to 1100 nm 02%103%

39075S Special Tests of Near-Infrared Photodiodes 700 nm to 1800 nm 0.5 % to 4.6 %'

39077C UV to Near-Infrared Silicon Photodiodes (Hamamatsu S2281) 200 nm to 1100 nm 02%to4 %

Recalibration of UV to Near-Infrared Silicon Photodiodes o o
39078C (Hamamatsu $1337-1010BQ or S2281) 200nm to 1100 nm 02%104%

39080S Special Tests of Radiometric Detectors 200 nm to 1800 nm 0.2 %to 13 %'

39081S Special Tests of Photodetector Responsivity Spatial Uniformity 200 nm to 1800 nm 0.0024 % to 0.05 %"

"Depends on photodetector and signal level.
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Relative Uncertainty [%]

Table 2.2. NIST spectral power responsivity relative expanded (k= 2)
uncertainties for typical UV, visible, and NIR photodiodes.

Wavelength Relative expanded uncertainty (k = 2) [%]
[nm] Uv Visible NIR
200 3.8
250 1.5
300 0.80
350 0.86 0.72
400 0.74 0.38
450 0.36 0.24
500 0.26 0.22
550 0.20
600 0.20
650 0.20
700 0.20 0.50
750 0.20 0.48
800 0.20 0.48
850 0.20 0.56
900 0.20 0.62
950 0.20 0.66

1000 1.2 0.66
1050 2.0 0.64
1100 3.0 0.62
1150 0.64
1200 0.62
1250 0.58
1300 0.52
1350 0.48
1400 0.48
1450 0.44
1500 0.42
1550 0.42
1600 0.5

1650 0.8

1700 1.9

1750 3.2

1800 4.6

UV SCF and Vis/NIR SCF Relative Expanded Uncertainties (k = 2)
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Figure 2.1. The relative expanded uncertainties (k = 2) for NIST spectral power
responsivity measurements in the (a) UV, (b) visible, and (c) NIR. Three
different detector types are used as working standards for the UV, visible, and

NIR regions.



Descriptions of each Service ID number are provided below.

39071C - UV Silicon Photodiodes

NIST will supply customers with an OSI Optoelectronics* model UV-100 windowed silicon
photodiode characterized in the ultraviolet (UV) spectral region. The UV silicon photodiode
includes the measured spectral power responsivity [A/W]3 from 200 nm to 500 nm in 5 nm steps.
The 1 cm® photosensitive area of the photodiodes is underfilled for the measurements with a
beam of diameter =1.5 mm. The spectral power responsivity is measured at radiant power levels
of less than 20 uW. The relative expanded uncertainty ranges from 0.3 % to 4 %, depending on
the wavelength. The spatial uniformity of responsivity over the photosensitive area is also
measured at 350 nm.

39072C - Recalibration of UV Silicon Photodiodes
Recalibration of UV silicon photodiodes previously supplied by NIST (under 39071C) is
performed by measuring spectral responsivity from 200 nm to 500 nm.

39073C - Visible to Near-Infrared Silicon Photodiodes

NIST will supply customers with a Hamamatsu model S2281 windowed silicon photodiode
characterized in the visible to near-IR spectral region. The spectral power responsivity of the
photodiode is measured from 350 nm to 1100 nm in 5 nm steps. The 1 cm” photosensitive area
of the photodiodes is underfilled for the measurements with a beam of diameter ~1 mm. The
spectral responsivity is measured at radiant power levels of less than 1 uW. The relative
expanded uncertainty ranges from 0.2 % to 3 %, depending on the wavelength. The spatial
uniformity of responsivity over the photosensitive area is also measured at 500 nm.

39074C - Recalibration of Visible to Near-Infrared Silicon Photodiodes
Recalibration of visible to near-infrared silicon photodiodes previously supplied by NIST (under
39073C) is performed by measuring spectral power responsivity from 350 nm to 1100 nm.

390758 - Special Tests of Near-Infrared Photodiodes

Special tests of customer-supplied near-infrared photodiodes are performed by measuring
spectral power responsivity from 700 nm to 1800 nm. A beam of diameter ~1 mm is centered on
and underfills the photosensitive area. The spectral power responsivity is measured at radiant
power levels of less than 1 uW. The relative expanded uncertainty ranges from 0.5 % to 4.5 %
or greater, depending on the wavelength and the individual item measured. Customers should
communicate with one of the technical contacts listed in Sec. 2.4 to discuss details before
submitting a formal request.

39077C - UV to Near-Infrared Silicon Photodiodes

NIST will supply customers with a Hamamatsu model S2281 windowed silicon photodiode
characterized in the visible to near-IR spectral region. The spectral power responsivity of the
photodiode is measured from 200 nm to 1100 nm in 5 nm steps. The 1 cm” photosensitive area

4 OSI Optoelectronics in Hawthorne, CA. acquired UDT Sensors, Inc. (http:/www.udt.com/).

3 For clarity, the coherent SI unit is given in brackets for many quantities used in this publication. Of course, SI
multiples and submultiples of these units may also be used.
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of the photodiodes is underfilled for the measurements with a beam of diameter ~1 mm. The
spectral power responsivity is measured at radiant power levels of less than 1 uW. The relative
expanded uncertainty ranges from 0.2 % to 4 %, depending on the wavelength. The spatial
uniformity of responsivity over the photosensitive area is also measured at 500 nm.

39078C - Recalibration of UV to Near-Infrared Silicon Photodiodes
Recalibration of UV to near-infrared silicon photodiodes previously supplied by NIST (under
39077C) are performed by measuring spectral power responsivity from 200 nm to 1100 nm

390808 - Special Tests of Radiometric Detectors

Special tests of radiometric detectors in the ultraviolet, visible, and near-infrared regions of the
spectrum can be performed. Detector characteristics that can be determined in this special test
include spectral responsivity and quantum efficiency (electrons per photon). For example
detector responsivity can be measured between 200 nm and 1800 nm at power levels less than
4 uW. The relative expanded uncertainty ranges from 0.2 % to 13 % or greater, depending on
the wavelength and the individual item measured. Since special tests of this type are unique,
details of the tests should be discussed with one of the technical contacts listed in Sec. 2.4 before
submitting a formal request.

39081S - Special Tests of Photodetector Responsivity Spatial Uniformity

Special tests consisting of measuring the relative changes in responsivity across the
photosensitive area (spatial uniformity) can be performed for customer-supplied photodetectors.
The uniformity is typically measured at a single wavelength in 0.5 mm spatial increments with a
beam diameter of ~1.5 mm in the 200 nm to 400 nm spectral region at power levels less than
20 uW, and a beam of diameter =1 mm in the 400 nm to 1800 nm spectral region at power levels
less than 1 puW. The relative expanded uncertainty ranges from 0.0024 % to 0.05 % or greater,
depending on the wavelength and the individual item measured. Customers should communicate
with one of the technical contacts listed in Sec. 2.4 to discuss details before submitting a formal
request.

2.2 Measurement Limitations

There are a few limitations on the types of photodetectors that can be measured in the NIST
calibration services. Because of the beam size of the comparators, the detector’s active area
must be greater than 3 mm in diameter. Due to the monochromator flux level, an amplifier gain
of 10° V/A to 107 V/A is typically required; thus the photodiode dynamic impedance (shunt
resistance) must be greater than 10 kQ. (See Sec. 6.1.1 for more detail.)

Physical size and weight are limited by the translation stages used in the UV SCF and Vis/NIR
SCF. Detector packages submitted for testing are limited in size to approximately 20 cm by
20 cm by 20 cm and 2 kg.

The photodetector signal (output current) connection must be clearly identified and preferably
provided by a 50 ohm coaxial Bayonet Neill Concelman connector (BNC) connector. The
radiometer or photometer must have an analog output voltage. Instruments without an analog
output, having only digital display (or analog meter) and/or only digital interface, will not be
accepted.



2.3

How to Order Calibrations

1) Reference the Service ID number(s) on the purchase order.

Details of Service ID numbers 390758, 390808, and 39081S should be discussed with one of
the technical contacts listed in Sec. 2.4 prior to submitting a formal request.

2) Purchase orders should be sent to:

Calibration Services

National Institute of Standards and Technology
100 Bureau Drive, Stop 2300

Gaithersburg, MD USA 20899-2300

Phone number: (301) 975-2092

FAX number: (301) 869-3548

E-mail: calibrations@nist.gov

Web page: http://ts.nist.gov/calibrations

3) Include the following information on your purchase order:

A)
B)
C)
D)
E)
F)
G)

Service ID number(s)

Manufacturer, model, and serial number of the test item(s)

User’s name (technical contact), phone number, and email address

Name and mailing address of the person to receive the calibration report(s)
Billing address

Shipping address

Instructions for return shipment (the fee quoted does not include shipping costs)

[Note: If nothing is stated, NIST will return by common carrier, collect, and uninsured.]

4) The cost for special tests is based on the actual labor and material costs involved and
customers are responsible for all shipping costs.

5) NIST policy requires that non-US customers prepay for calibration services. Please
contact Calibration Services to arrange for prepayment.

6) Please see the NIST Calibration Services web page (http://ts.nist.gov/calibrations) for a
complete list of NIST calibration policies.

7) All test items should be shipped to the following address:

Jeanne Houston or Thomas Larason

NIST

Building 221 / Room B208
100 Bureau Drive, Stop 8441
Gaithersburg, MD USA 20899-8441


http://ts.nist.gov/calibrations
http://ts.nist.gov/calibrations

2.4  Technical Contacts

For technical information or questions contact:

Jeanne Houston (301) 975-2327 email: jeanne.houston@nist.gov
Thomas Larason (301) 975-2334 email: thomas.larason@nist.gov
or fax (301) 869-5700

Technical information can also be found on the following web page:

http://physics.nist.gov/photodiode



http://physics.nist.gov/photodiode

3. Measurement Theory

This section describes the theory and the mathematical basis for the measurement methods used
for the services outlined in this publication. The measurement equation is presented and the
generalizing assumptions are discussed. The measurement equation is then used in estimating
the uncertainties in Sec. 7. The calibration method, detector substitution, is described first in
general and then in detail.

3.1 Measurement Equation

Developing the measurement equation is fundamental to understanding the physics and optics
involved with the measurement. This derivation provides an analytical foundation for the
measurement process and the associated assumptions and approximations. The measurement
equation is also fundamental to the analysis of the uncertainty of the measurement. In essence,
the detector comparator instrument is similar to a spectroradiometer but compares the response
of detectors rather than the irradiance of sources. Thus, the measurement equation developed for
a general spectroradiometer can be adapted to detector spectral responsivity measurements.

The measurement equation presented here for spectral responsivity is developed following the
general procedure described in chapter 5 of the Self-Study Manual on Optical Radiation
Measurements [28] and is similar to the development of Eq. (7.18) in Ref. [29] for spectral
irradiance when using a monochromator-based spectroradiometer. The measurement equation
for spectral responsivity is:

(4,82, %)= [[ E,(x, 9,2, 2)- s(x, y,4)-d4-d2, (3.1)

ALA

where V(A, A/'t,ﬂo) is the output signal (typically in volts or amperes); Ex(x, V, /Io,ﬂ) is the
spectral irradiance function in A4 of the comparator system at detector position x,y for a
wavelength setting of Ao; s(x, Vv, ﬂ) is the spectral radiant power responsivity of the detector; 4 is

the area of the radiant power beam at the detector (See Fig. 3.1.); and A4 is the wavelength
interval for which the value of E) is not zero (i.e., the full-width bandpass). This equation is
equivalent to Eq. (7.1) [29], with some minor changes in the notation, where 4 and A/ are left
symbolically in V' to indicate that J depends on how these elements are chosen.

To simplify the analysis, the responsivity s is assumed uniform throughout 4, so,
s(x,y,4)=s(2). (3.2)

Thus, the responsivity s is no longer dependent on position (x,y) and can be removed from the
area integral:

V(4,82,4))= [5(2)- [ E,(x,,4,,)-d4-dA. (3.3)

AA A
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Figure 3.1. The geometry for detector spectral power responsivity
measurements.

The area integral of irradiance gives the spectral radiant power function of the comparator
system at the detector:

¢D,x(/10’/1): J.Ex(x,y,ﬂo,/%)-dA = z'(/1)'@1(/10’&)’ (3.4

A

where @, (4,,4) is the output power from the monochromator and z(1) is the transmittance of
the optics (and atmosphere) between the monochromator and the detector (See Fig. 3.2.).

Considering only the spectral dependence of the signal for any given A4, the measurement
equation can be written:

V(A4 4)= [5(2)-7(4)- @, (4, 2)-dA . (3.5)

AA

Equation (3.5) is the power (or flux) equivalent to Eq. (7.1b) [29]. Introducing the slit-scattering
function z(1, — 1) to the measurement equation allows the spectral radiant power function of the

monochromator @,(4,,4) to be written as the product of two functions (with appropriate
normalization):

@x(ﬁoal)zz(ﬁo _ﬂ')'@f,x(/?*)s (3.6)

where the slit-scattering function z(/lo —ﬂ) is dependent only on the difference between the

wavelength setting of the monochromator and the wavelength of the flux (power) and the
“spectral flux” factor @, is dependent only on the wavelength of the flux. The factor @, is

the spectral radiant flux at 1o, @, (4, ), and is equivalent to the responsivity factor 7' introduced in

11



Eq. (7.12) [29]. Both the slit-scattering function z(ﬁo —l) and the factor @, can be determined

experimentally, although the latter requires deconvolution from the measured output flux
(power) of the monochromator. The output signal ' can now be expressed as:

V(A4 4)= [5(2)-7(4)-2(2 - 2)- @, (2)-dA. (3.7)

AL

Equation (3.7) is the power equivalent to Eq. (7.13) [29] and is in a form that can be used for
finding the spectral power responsivity of a detector. It is a measurement equation for a
spectrally selective source instead of a spectrally selective detector (spectroradiometer). If the

product s-7-@;, is approximately constant (or linear) over the spectral range for which

Z(/io —ﬂ) is significant (i.e., within A1) and z is approximately symmetrical with respect to Ao,
Eq. (3.7) can be written:

V(A4 4) = 5(4 ) 74y )- @y (A )- [ 2(A = 4)-dA. (3.8)

AL

Equation (3.8) is the equivalent flux version of Eq. (7.18) [29]. Implicit in this derivation is the
assumption that the slit-scattering function z(4,—A) does not change with the wavelength

setting A9 of the monochromator (that is, the dispersion is the same for all wavelengths) and thus
Z(/lo - ﬁ,) need only be measured once. Optical aberrations, scattering, and diffraction are also

assumed to be the same whether a monochromatic beam is varied in A over the monochromator
bandpass, A4, or 4y of the monochromator is varied over a beam of fixed wavelength /.

Equation (3.7) is the measurement equation for an ideal monochromator. A real monochromator
system has spectrally scattered light (also known as stray-light or out-of-band radiation and
hereafter will be referred to as simply stray-light) due to imperfections in the monochromator
(and other optics). This is light from outside the spectral region A4 which is scattered into the
exit beam path and which contributes to the measured signal. Adding a stray-light term,

V (A4, 4,), to Eq. (3.8) gives:

V(A/L Ay ) = S(ﬂ“o ) z'(/10)' @f,x(/lo)' J.Z(/lo - 2’)' dA+ Vsl(A/la /10), (3.9)
where VoA, 40)= [5(2)-2(4,— 4)-2(2)- @, (2)-dA. (3.10)

Equation (3.9) separates the measurement equation into two parts, the first term represents the
in-band signal and the second term represents the out-of-band signal as indicated by the limits on
each integral. The Vg term in Eq. (3.9) is typically small for radiometric measurement systems
(especially in a system using a double monochromator) and is normally ignored in the “routine”
measurement equation but is included in the uncertainty estimate calculations in Sec. 7.1.2.

The integral remaining in the first term can be evaluated and combined with the “spectral flux”
factor @, to give an expression for the power leaving the monochromator @; :

12



@i(ﬂo): @f,x(ﬂ“o)' J.Z(/lo _ﬂ')'d/1 = @x(loal) (3.11)

AL

Using Eq. (3.11), the measurement equation (Eq. (3.9)) can now be written in a form that is
easily applied to the situation of measuring detector spectral responsivity:

V(A4 A,)=s(4,) 7(4,)- @] (4,). (3.12)

Before extending the generalized measurement equation, Eq.(3.12), to the experimental
protocols used in the comparator facilities, it is important to reiterate the simplifying
assumptions that were made in its development.

3.1.1 Approximations

The assumptions made in the development of the measurement equation, Eq.(3.12), are
summarized and discussed below. The development of the measurement equation followed the
procedure described in chapter 5 of the Self-Study Manual on Optical Radiation Measurements
[28] and does not include parameters for time, polarization, or incident angle; nor does it include
environmental parameters such as ambient temperature or humidity, corrections for diffraction
effects (departure from geometrical (ray) optics), and nonlinear responsivity.

A key requirement to detector-based radiometry is that detector responsivities are stable over
time. In general, the light from any monochromator system will be polarized and the effect of
polarization on the responsivity of the detectors needs to be evaluated. However, polarization is
not a problem when the detectors are measured at normal incidence to the optical axis (and the
detector surfaces are isotropic). The effect of the converging beam angle on the reflectance (and
transmittance) from the detector surface (and window) is small compared to the variance of
repeated measurements and is typically neglected. However this is not the case when filters are
used with the detectors (e.g., photometers), especially interference filters, where the transmission
is a strong function of the angle of incidence. Also, the detector area must be larger than the
optical beam so that all of the optical radiation is collected by the detector (i.e., the detectors are
underfilled). This also requires that the detector field-of-view (FOV) be larger than the optical
beam from the comparator system. The detector size and FOV of the typical 1 cm® photodiodes
NIST provides meet these requirements.

Humidity can affect the power reaching the detectors by changing the transmittance of the
system, but this does not affect the measurements since the optical path length is constant during
the measurement. Thus, if the humidity change is small over the time of the measurement, any
change in the power reaching the detectors is canceled out of the measurement. Humidity can
also affect the detector itself (or its window). For example, with windowless silicon photodiodes
the absorption of water by the SiO, surface passivation layer changes the photodiode reflectivity,
which changes the detector responsivity [30]. Typically, for a windowed detector in the
laboratory, an effect due to water absorption (onto the detector or window) is not observed.

The temperature variation of the laboratory is small (typically < 0.5 °C) over the measurement
time; therefore, the responsivity temperature dependence is neglected over most of the spectral
region. The temperature dependence can be applied as an additional uncertainty term when it is
of concern, as near the band-edge of a semiconductor.
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Diffraction effects can be estimated from the relationship [31, 32]:

6° =2.44-§, (3.13)

where ¢ (in radian) is the diffraction angle (for the first Airy disk), 4 is the longest wavelength
of the system, and d is the diameter of the aperture at the monochromator exit slit (the smallest
aperture in the system). For the Vis/NIR SCF 4 = 2 um and d = 1 mm which gives:

- =2.44x12mL$:4.88x103 ~5mrad. (3.14)

The Vis/NIR SCF has a focal ratio (f~-number or f/#) of =9 giving a beam angle of = 110 mrad
which is over 20 times greater than the diffraction limit. For the UV SCF (4=0.5 pm,
d= 1.5 mm, and f/#=5) the diffraction effects are even smaller due to the shorter wavelengths
of the light. In this case, the beam angle is =~ 200 times greater than the diffraction limit. Thus
diffraction effects can be ignored for most UV, visible, and near-IR systems of the type
described in this publication. Likewise, coherence effects are negligible [33] and are ignored in
the analysis of these comparator systems.

The responsivity, s, is assumed uniform throughout the area A of the incident beam on the
detector. In practice, this is accomplished by reducing 4 (both mechanically with apertures and
optically via imaging optics) so that s is uniform over 4. This limits the amount of flux (power)
that can be delivered to the detector but this does not hinder the responsivity measurements for
typical photodiodes. Deviations from this approximation are treated as uncertainty terms.

Certain assumptions were made about the comparator system itself, [29] primarily the
monochromator. Two assumptions are that the dispersion remains the same for all wavelengths

and that the slit-scattering function z(ﬁo - ﬂ) does not change with the wavelength setting, 4o, of

the monochromator. These approximations are not included in the uncertainty analysis because
their combined effect was determined to be negligible. This allows z(ﬁo —/1) to be measured
only once for an instrument and used over the entire spectral range. Another assumption is that
optical aberrations, scattering, and diffraction are the same whether the wavelength A of a
monochromatic source is varied over the monochromator bandpass A4 or whether the
monochromator wavelength setting 4y is varied over a monochromatic source of wavelength 4.
Also z(/lo —/1) is assumed approximately symmetrical with respect to Ao; this assumption has

been experimentally verified for the two monochromators described in the spectral comparator
facilities.

The product s-7-@;, is assumed to be linear over the monochromator bandpass, A4. In practice,
this is effected by reducing the slit widths until s-@;, is linear over AA. Reducing the bandpass

also reduces the amount of optical power (flux) that can be delivered to the detector, but this is
not a limitation for typical measurements. Most measurements are made using a broadband
source to provide a wide range of measurement wavelengths. However, the assumption that
s+ @y, is linear over A/ may not be valid with some arc and discharge sources (primarily used in
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the UV) that can have strong spectral variations in output intensity. Typically, the variations are
small and are treated as uncertainty terms.

Stray-light is light from outside the monochromator bandpass A4 that is scattered into the beam.
The amount of stray-light depends greatly on the design of the monochromator. The amount of
stray-light in the transmitted flux is typically negligible for double monochromator systems
(systems with two dispersing elements), but not for many single monochromator systems. The
two monochromators in the comparator facilities have double dispersion elements, prism-grating
or double-grating systems. Because the stray-light in the comparator systems is small in
magnitude, it will not be included as a correction term in the measurement equation, but will be
evaluated and treated as a term in the uncertainty budget described in Sec. 7.

Spatially-scattered light is light that is scattered outside of the beam area, 4. The amount of
spatially-scattered light depends on the quality and condition of the optics in the beam path.
Errors caused by spatially-scattered light cancels if the test and standard detectors have the same
size or are much larger than the beam area, 4. It can be significant when the test detector area is
small and approaches the diameter of the beam. For this reason, detectors with diameters of less
than 3 mm are not accepted for calibration. This error is evaluated and corrected if the detector
diameter is less than 5 mm. The uncertainty of this correction is included in the uncertainty
budget in the UV and Vis/NIR SCF measurements.

3.2 Substitution Method

The substitution method transfers the responsivity (output divided by input) of a standard
detector to an unknown (test) detector. This method has a number of advantages that will be
discussed in general and applied specifically to photodetectors. In this section, a measurement
equation will be developed for the substitution method. The general assumptions made in its
development and their consequences are then discussed. Finally, the measurement equation as
applied to the NIST Spectral Comparator Facilities is developed.

3.2.1 General Substitution Method

The output (signal) Y from a detector (or system) with a linear response can be written in
general:

Y, =5, X,, (3.15)
where Yy is the signal (e.g., in ampere) from the detector, sx is the responsivity of the detector
(e.g., in A/W), and Xy is the input to the detector (e.g., in W). Similarly, the signal from a
standard detector with a known responsivity s is given by:

Y, =s,-X,. (3.16)

Dividing Eq. (3.15) by Eq. (3.16) we have:

=" Cx (3.17)
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If the input X to each system is assumed to be constant (this is the basis of the substitution
method), solving for the detector responsivities sy gives:

s =—2g (3.18)

Thus, using the substitution method, the standard detector responsivity s is scaled by the ratio of
the outputs. In essence, the standard detector quantifies the input power X [W] to the test
detector.

3.2.2 Photodetector Substitution

Photodetector responsivity measurements by detector substitution can be made using Eq. (3.18)
and the following equipment: a broadband source, monochromator, focusing optics, and standard
detector. A block diagram of the photodetector substitution method is shown in Figure 3.2. The
radiant power (flux) @ is the output power from the source that enters the monochromator. The
spectral radiant power @, is the output power from the monochromator and 7 is the transmittance
of any optics (and the atmosphere) between the monochromator and the detector. The spectral
radiant power received by the detectors is @, =7-@, .

Monochromator )
Source (b 0o oy P Optics ——{ Test
o b bpamrd, AN
[ |
-
v
Standard

Figure 3.2. Block diagram of photodetector substitution method.

Using Eq. (3.18) assumes that the source is stable over the comparison time. This is generally
true for incandescent sources (i.e., quartz-halogen (QTH) lamps), used in the VIS/NIR
comparator, but less true for arc sources, used in the UV comparator.

Substitution can be done in two ways. One way is to substitute the test detector and standard
detector at each wavelength and another is to repeat the wavelength scan for each detector. The
former method has an advantage that the results are not affected by the drift of the source
between wavelength scan, but the measurement is slower. The latter method is subject to
possible drift of the source during the wavelength scan, but the measurement is faster. The latter
method is employed in the NIST SCF facilities, with the addition of a monitor detector as
described in the next section. The stability of the source can be the limiting factor in the signal
noise of the detectors.
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3.2.3 Substitution Method with Monitor

Measurement errors due to source power fluctuations are minimized by introducing a
beamsplitter and monitor detector into the measurement setup. Figure 3.3 illustrates the

photodetector substitution method with monitor. Here @, =7, -7 @, is the power received by
the detectors and @, = p,, -7+ @, is the power received by the monitor. The transmittance and

reflectance of the beam splitter are 7, and pps, respectively. The monitor detector and
beamsplitter are assumed to be stable (constant) over the time of the measurement. Thus the
monitor signal can be used to normalize the signals from the test and standard detectors. That is,
the signal ratio of the test detector to monitor or standard detector to monitor will be constant
regardless of the source fluctuations and the signal levels. By simultaneously measuring both
the monitor detector signal and test detector or standard detector signal, source fluctuations on a
time scale greater than the signal sampling rate are effectively eliminated.

@D,x:Tbs'T'¢x
Monochromator . Beam
Source I (A selection) . Opics . Splitter . ’
(i) Dy, (N n
| |
D p=pos T D, .
[ ]
h 4
Monitor Standard

Figure 3.3. Block diagram of photodetector substitution method with monitor.

3.2.4 Measurement Equation Applied to the SCFs

The actual measurement equation for the SCFs is now developed. Dropping the 4 notation and
changing the sub- and superscripts for clarity from Eq. (3.12), it can easily be shown that the
total signal, Vi, from a detector x and an amplifier is:

I/t,x:SX'Gx'/Z’—)(.QX—FVd,X’ (319)

where sy is the detector spectral power responsivity in A/W, Gy is an explicit gain term for a
transimpedance amplifier in V/A, 7 is the transmittance of any optics (and the atmosphere)
between the monochromator and the detector, @y is the output power from the monochromator in
W, and V4 is the dark signal (sometimes called the “output offset voltage™”) in V, i.e., the signal
measured when no flux is incident on the detector. In practice Vg is found by measuring the
signal from the detector with the shutter closed at the exit slit of the monochromator. For the
UV and Vis/NIR SCFs there is negligible difference between the background signal (with the
source blocked before the monochromator and shutter open) and the dark/offset signal (with the
shutter closed). The net signal (or just signal) V is the signal due to the radiant power received
by the detector:

Vx = Vt,x _Vd,x = Sx ’ Gx .Tx .cpx . (320)
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This is the “routine” measurement equation for the substitution method depicted in Fig. 3.2. The
measurement equation for the “substitution method with monitor” (Fig. 3.3) is written by
explicitly including the transmittance 75 and reflectance pps of the beam splitter assembly (which
also contains the reflectance of the monitor turning mirror). Implicit in this equation is the
assumption that the path length from the beam splitter to the monitor is the same as the beam
splitter to the working standard or test detector. Both comparator systems record simultaneous
measurements taken with both the detector and monitor. The signals from the test detector x and
monitor detector mx are:

Vx:Vt,x_Vd,x :Sx'Gx'Tbsx'T @ s (321)

X X

and me = I/t,mx - I/d,mx = Smx ) Gmx : pbsx ) z—x : Qx . (322)
The ratio of these two signals is:
R = Vx — Sx Gx .Tbsx 7D , (323)

where 7, -7 _-@_ is the fraction of power (flux) received by the test detector, and p, -7 - @, is
the fraction of power (flux) received by the monitor.

There is a similar ratio for the two signals from the working standard detector and monitor:

Rx: Vs — Ss‘Gs'Tbss'Ts'@s . (324)
V Sms.C;ms.pbss.z-s.czj

ms S

Dividing Eq. (3.23) by Eq. (3.24) (taking the ratio of the ratios) gives:

X

R Sx.Gx.Tbsx.Tx.@x _Sms.Gms.pbss.Ts.@s

(3.25)

Rs Smx'Gmx'pbsx'z-x'@x Ss'Gs.rbss.z-s'@s
Looking at Eq. (3.25), it is now seen that variations or drifts in the source flux or system
transmittance during the time between the measurement of the test detector and the working
standard detector are canceled by the monitor detector. If the beamsplitter transmittance and
reflectance, monitor detector responsivity, and amplifier gain are stable (constant) over the
comparison time, that is, 7, =7, P = Poss> Smx =Sms and G, =G, ., these terms cancel,

m ms ?

leaving:

R -G
L= X X 3.26
R s5.-G (3.26)

S

N

Solving Eq. (3.26) for the test detector spectral responsivity sx and substituting the signal
measurements into the ratios we have:

18



B

g =—>.—S.g =T, 5.5 3.27
* R G, b G, ) ( )
Vms

This is the working form of the measurement equation. Note that it still has the general form:

5Dy (3.18)

Depending on how the monochromator wavelength scale is calibrated, a correction term may be
needed when the responsivity curves of the test and working standard detectors have different
slopes. If the centroid wavelength of the bandpass is used to calibrate the monochromator
wavelength scale, then there is no correction term. But if the peak wavelength of the bandpass is
used, then Eq. (3.27) requires a correction term. Thus the measurement equation for spectral
responsivity, sy, (in A/W) becomes:

R
s * Gs-ss+Cb

= , 3.28
“RG w (3.28)

where Cy,y, is a correction term due to the bandpass of the monochromator and is referred to as
the bandpass error. Like the stray-light term, the bandpass error is small and can be ignored in

the “routine” measurement equation. The bandpass error is described in Sec.7.2.2 as an
uncertainty term.
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4, Equipment Description

In this section the components and associated electronics of the Visible to Near-Infrared Spectral
Comparator Facility (Vis/NIR SCF) and Ultraviolet Spectral Comparator Facility (UV SCF) are
described.

4.1 Visible to Near-Infrared Spectral Comparator Facility (Vis/NIR SCF)

The Vis/NIR SCF is a monochromator-based system that typically measures the spectral power
responsivity of photodiodes in the 350 nm to 1800 nm spectral region. The Vis/NIR SCF
operates from 350 nm to 1100 nm using silicon photodiodes as working standards and from
700 nm to 1800 nm using indium gallium arsenide (InGaAs) photodiodes as working standards.
The spatial uniformity of a detector’s power responsivity can also be measured.

The Vis/NIR SCF uses automated translation stages to position the photodetectors for
measurement. The test detectors as well as the working standards are fixed onto optical mounts
that rotate and tilt for accurate alignment. A variety of sources can be selected. Typically a 100
W quartz-halogen lamp is used as the source in the Vis/NIR SCF. A shutter is located just after
the monochromator exit slit. A monitor detector located after the monochromator measures
source fluctuations. The detectors and the exit optics are enclosed in a light tight box. A
diagram of the Vis/NIR SCF is shown in Fig.4.1. Each of the primary components is now
described in greater detail.
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Figure 4.1. Visible to Near-Infrared Spectral Comparator Facility (Vis/NIR
SCF).
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4.1.1 Vis/NIR Source and Input Optics

Typically the Vis/NIR SCF uses a 100 W (12 V) quartz-halogen lamp that is constant-current
controlled for stability. The lamp is used over the spectral range of 350 nm to 1800 nm. An
integrating sphere with a spectral-line discharge lamp input is used as a source for calibrating the
wavelength scale of the monochromator. A third source position is available for investigational
use. A helium-neon (HeNe) alignment laser can be used as a source in the Vis/NIR comparator
as well. The spectral output power (at the detector) of the 100 W quartz-halogen lamp with the
Vis/NIR SCF monochromator is shown in Fig. 4.2.

A 46 mm x 61 mm flat mirror rotates on an automated stage for source selection. The source is
imaged by a stationary 15.24 cm diameter spherical mirror onto the entrance slit of the
monochromator.

Safety considerations

Quartz-halogen lamps, lasers, and arc sources are potential eye hazards. The HeNe lasers used
for alignment are Laser Safety Class II. Care is taken to never look directly into any of the
sources or the laser beam. Shields mounted on the sides of the optical table inhibit direct visual
contact with the sources used with the comparator. Protective eyewear is worn when working in
proximity to these sources.
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Figure 4.2. The spectral power typically incident on the detectors in the (a)
Vis/NIR SCF using the 100 W quartz-halogen lamp and (b) UV SCF using the
argon mini-arc as a source.
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4.1.2 Vis/INIR Monochromator

The visible comparator uses a modified Applied Physics Corporation Cary-14 prism-grating
monochromator. The Cary-14 employs a 30° fused silica prism in series with a 600 lines per
millimeter echelette grating. The monochromator’s spectral range is 186 nm to 2.65 pm, the
spectral range used in the Vis/NIR SCF is 350 nm to 1800 nm. In the typical measurement
configuration, the monochromator slits are set to 1.1 mm, giving an instrument FWHM bandpass
of 4nm. A circular 1.1 mm diameter aperture located just after the monochromator exit slit
determines the beam size. The exit beam is /9. The monochromator has a stray-light rejection
of 10®. Greater than 99 % of the beam power lies within an area of 1.5 mm diameter around the
optical axis.

4.1.3 Vis/NIR Shutter and Output Optics

A shutter, with a 25 mm diameter aperture, is placed after the monochromator exit slit and
aperture.

Two 15.24 cm diameter spherical mirrors and two 7.62 cm diameter flat mirrors image the exit
aperture of the monochromator with 1:1 magnification onto the detector. The two flat mirrors
are used to optically fold the system and are not shown in Fig. 4.1. Mirrors do not produce
chromatic aberrations, and the astigmatism of the spherical mirrors is corrected (to first order) by
tilting the second spherical mirror perpendicular to the plane of the first spherical mirror [34].

4.1.4 Vis/NIR Translation Stages - Detector Positioning

The Vis/NIR comparator uses two orthogonal linear positioning stages to translate the test
detectors and working standard detectors. The horizontal stage travel range is 400 mm with a
manufacturer specified resolution of 0.1 um and an accuracy of 0.2 um per 100 mm. The
vertical stage travel range is 50 mm with a manufacturer specified resolution of 0.1 pm and an
accuracy of 0.25 um per 25 mm.

Each detector can be manually translated along the Vis/NIR SCF optical axis for focusing. A
gimbal mount allows the rotation and tilt of each detector to be adjusted perpendicular to the
optical axis for alignment.

4.1.5 Vis/INIR Working Standards

The visible working standards (Vis WS) are four Hamamatsu model S1337-1010BQ silicon
photodiodes with fused quartz windows. This is a p-n photodiode with a 1 cm” active area. The
Hamamatsu S1337 diode is a popular diode for radiometric standards, and the linearity,
uniformity, and stability of the Hamamatsu S1337 diode has been well documented [35, 36].
The Vis WS are used for measurements over the spectral range from 350 nm to 1100 nm.

For near-infrared measurements (700 nm to 1800 nm), four GPD Optoelectronics Corporation
(formerly Germanium Power Devices) model GAP5000 InGaAs photodiodes mounted in
temperature-controlled housings are used as working standards (IGA WS). These photodiodes
have a 5 mm diameter active area.
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Typically, two working standards are used for each spectral comparison measurement. The
second working standard can be used as a “check” standard to verify that the measurement
process is operating normally, or is “in control.”

4.1.6 Beam Splitter and Monitor Detector

Variations in the source intensity are corrected by using a beam splitter and monitor detector, as
discussed in Sec. 3.2.3. The beam splitter is a 50.8 mm x 50.8 mm flat fused quartz plate. A
35 mm x 46 mm flat oval mirror is used to optically fold the beam reflected off the beam splitter
to a convenient physical location for the monitor detector. Hamamatsu S1337-1010BQ silicon
and EG&G Judson J16TE2-8A6-RO5SM-SC germanium photodiodes are used as monitor
detectors in the visible and NIR spectral regions, respectively. Ideally, the monitor detector has
the same spectral responsivity as the working standard used for the measurement. But for the
NIR region a small stray-light uncertainty component is included because of the IGA WS and Ge
monitor.

4.1.7 Alignment Lasers

Two HeNe lasers are aligned to the optical axis of the Vis/NIR comparator (defined by the
positions of the monochromator entrance and exit slits). One laser is located in one of the source
positions and is typically used to align the detectors. The other is located inside the enclosure
and is pointed “backwards” through the comparator to align the sources. It is not shown in
Fig. 4.1.

4.1.8 Enclosure

Each comparator has a light tight enclosure to eliminate the background light from the room.
This is essential because the routine measurements are all dc (optically unmodulated). The
enclosure is essentially a box that sits on the optical table and covers the exit portion of the
monochromator, shutter and output optics, and translation stages. The test detectors, working
standards, monitor detector, amplifiers, and other associated electronics are also housed inside
the enclosure. Doors allow easy access to the equipment and detectors.

The enclosure also reduces the amount of dust settling on the detectors and exit optics. An
exhaust fan is used to keep the temperature and humidity inside of the enclosure as close to that
in the laboratory as possible. The temperature and humidity are monitored inside the enclosure
and in the laboratory.

4.2  Ultraviolet Spectral Comparator (UV SCF)

The UV SCF is a monochromator-based system that measures the uniformity and spectral power
responsivity of photodetectors in the 200 nm to 500 nm spectral region. The UV SCF is very
similar in configuration and operation to the Vis/NIR SCF. Only the differences between the
two will be described. A diagram of the UV SCF is shown in Fig. 4.3.
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Figure 4.3. Ultraviolet Spectral Comparator Facility (UV SCF).

UV enhanced silicon photodiodes serve as the working standards for the UV SCF. A rotary
stage is used in the UV SCF; currently only one test detector at a time can be measured. The test
and working standard detectors are fixed onto optical mounts that rotate and tilt. Motorized
translation stages position the test detector in the horizontal and vertical planes while the
working standards are positioned manually.

4.2.1 UV Source and Input Optics

The UV SCF uses a NIST-designed argon mini-arc as its source over the 200 nm to 500 nm
spectral range. The argon mini-arc was developed at NIST as a secondary spectral radiance
standard and has been well characterized [37]. The argon mini-arc is an intense, uniform UV
source, with argon gas flowing through the arc structure at = 35 kPa. The arc can be operated
from 30 A to 100 A, but is typically operated at =40 A (and 60 V). The arc is cooled using the
normal facility 5.6 °C chilled water. The water runs through plastic, non-conducting tubing. An
integrating sphere with a spectral-line discharge lamp input is used as a source for calibrating the
wavelength scale of the monochromator. A third source position is available for investigational
use. A helium-neon (HeNe) alignment laser can be used as a source in the UV comparator as
well. The spectral radiant power at the detector on the UV SCF with the argon mini-arc source
is also shown in Fig. 4.2.

A 10.16 cm diameter flat mirror on a rotary stage is used for source selection. The source is

imaged by a stationary 15.24 cm diameter spherical mirror onto the entrance slit of the
monochromator.
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Safety considerations

UV filtering safety glasses are worn whenever the argon mini-arc source is lit. Even with safety
glasses on, the argon mini-arc is never viewed directly. The HeNe alignment lasers are Laser
Safety Class II. Shields mounted on the sides of the optical table inhibit direct visual contact
with the sources. Since very high currents are used, extra precautions are taken when using the
arc. Care is taken to avoid accidental contact with the arc electrodes and to insulate the arc from
the optical table (and surroundings). Also, to avoid overheating the arc and electrical shorts,
attention is paid that the cooling water is flowing before the arc is turned on and that no water
leaks exist. Non-conducting plumbing is always used.

4.2.2 UV Monochromator

The UV comparator uses a Spex 1680, 1/4 m double grating monochromator with 2840 lines per
millimeter gratings. The monochromator’s spectral range is 180 nm to 1000 nm. The spectral
range used in the detector comparator facility is 200 nm to 500 nm. In the typical measurement
configuration, the entrance and exit slits are circular 1.5 mm diameter apertures with a bandpass
of 4 nm. The exit beam is f/5. Greater than 99 % of the beam power lies within an oval area of
diameters 2.0 mm and 2.5 mm around the optical axis.

4.2.3 UV Shutter and Output Optics
A shutter, with a 25 mm diameter aperture, is placed after the monochromator exit slit.

One 15.24 cm diameter spherical mirror and one 7.62 cm diameter flat mirror images the exit slit
of the monochromator with 1:1 magnification. ~Mirrors are used to prevent chromatic
aberrations.

4.2.4 UV Translation Stages - Detector Positioning

The UV comparator has optical mounts for one test detector and two working standard detectors
on a rotary positioning stage. The maximum travel of the rotary stage is 360° with a
manufacturer specified resolution of 0.001° and an accuracy of 0.0014°. The test detector is
mounted on two automated orthogonal linear translation stages. The stages have a travel range
of 50 mm with a manufacturer specified resolution of 0.1 um and an accuracy of 0.25 um per
25 mm. The test detector can be manually translated along the optical axis for focusing.

The working standard detectors are mounted on two manual orthogonal linear translation stages.
Each detector can be manually translated along the optical axis for focusing. A gimbal mount
allows the rotation and tilt of each detector to be adjusted perpendicular to the optical axis.

4.25 UV Working Standards

The ultraviolet working standards (UV WS) are two UDT Sensors, Inc.® model UV100 silicon
photodiodes with quartz windows and 1 cm” circular active areas. The UV100 is an inversion

6 UDT Sensors is now OSI Optoelectronics, 12525 Chadron Ave., Hawthorne, CA 90250, USA.
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layer diode with enhanced resistance to UV radiation damage. Typically two working standards
are used for each spectral comparison measurement. The second working standard can be used
as a “check” standard to verify that the measurement process is operating normally, or is “in
control.”

4.2.6 Beam Splitter and Monitor Detector

The beam splitter is a 50.8 mm diameter flat quartz plate. A UDT Sensors UV 100 photodiode is
the monitor detector.

4.2.7 Alignment Lasers

Similar to the Vis/NIR SCF, two HeNe lasers are used to align the optical path of the UV
comparator. The second laser is not shown in Fig. 4.3.

4.2.8 Enclosure

The UV SCF enclosure is similar in design and construction to that of the Vis/NIR SCF.

4.3  Electronics
4.3.1 Electronics - Signal Measurement

This section describes the electronics used with the UV SCF and Vis/NIR SCF for detecting and
amplifying the signals from the photodetectors. The electronics for both comparators are
identical with some equipment shared between the two facilities. Only the Vis/NIR SCF will be
described and the differences between the comparators will be noted.

Figure 4.4 shows a block diagram of the typical setup for measurements in the Vis/NIR SCF.
The design of the electronics and control of the UV SCF is very similar to the Vis/NIR SCF.
Four NIST built and characterized amplifiers are housed in one module for convenience and a
separate single amplifier is used with the monitor detector. The digital voltmeters (DVMs) are
computer controlled via an IEEE-488 bus. The two DVMs simultaneously measure the signals
from the monitor and one of the four detectors that can be moved into the SCF beam. One DVM
has a multiplexed input for selecting any of four amplifier channels or temperature monitoring
inputs. (Some detectors have temperature monitoring circuitry that produces a voltage signal
proportional to their temperature.)
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Figure 4.4. Electronic block diagram of the Vis/NIR SCF.

The amplifiers are identical in design and operate with variable gains ranging from 10* V/A to
10° V/A.  References [3, 38] and several titles in the bibliography describe similar
transimpedance amplifiers and their operation. The schematic for the precision transimpedance
(I/V) amplifiers used in both the UV and Vis/NIR SCFs is shown in Figure 4.5.
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Figure 4.5. NIST SCF precision transimpedance (I/V) amplifier circuit.
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The SCFs are typically operated as described above (DC mode), but with the addition of a
chopper in the optical beam, AC measurements are possible for special tests. AC measurements
are not discussed in this publication; see Ref. [39] for a detailed discussion of AC measurements.

4.3.2 Electronics - Auxiliary Equipment

Temperature-controlled photodiodes can be used which requ