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Abstract. The Physikalisch-Technische Bundesanstalt (PTB) has set up an additional measurement approach
for the absolute calibration of the spectral responsivity of detectors in the near-infrared (NIR) and mid-infrared
(MIR) spectral range. This alternative method uses the radiation of a blackbody operating at about 1200 K with
a precision aperture. The blackbody radiation can be calculated by Planck’s law and is additionally spectrally
selected by accurately characterized optical bandpass filters. Thus, a calibration of the spectral responsivity of a
detector with respect to irradiance can be achieved at the bandpass wavelength of the applied transmission filters.
If the aperture of the detector is known, the spectral responsivity can also be calculated with respect to radiant
power.

Thermopile detectors with known aperture size were calibrated in terms of their spectral responsivity with
several bandpass filters in the spectral range between 1.5 um up to 14 um with relative standard measurement
uncertainties between 5 % and 19 %. The obtained results are consistent with previous calibrations at PTB’s
national primary detector standard. Therefore, this additional measurement approach is a further validation of
the existing primary method which is based on a cryogenic radiometer and extends the usable wavelength range.

1 Introduction

Currently, the calibration of detectors regarding their spectral
responsivity in the spectral range of the near-infrared (NIR)
and mid-infrared (MIR) is of increasing interest and mar-
ket importance, e.g. for remote sensing (Allison et al., 2016;
Sobrino et al., 2016) or radiation thermometry (Noulkow et
al., 2009). These applications need traceability to the Inter-
national System of Units (SI). Therefore, the Physikalisch-
Technische Bundesanstalt (PTB) operates cryogenic electri-
cal substitution radiometers as primary detector standards to
measure radiant power traceable to the SI with low uncer-
tainty and to calibrate other types of detectors regarding their
spectral responsivity by relating the output of these detec-
tors to the measured radiant power (Hartmann et al., 2010).
Appropriate detectors, which have been calibrated absolutely
against the primary detector standards, can also be used for
the dissemination of the spectral responsivity to other detec-

tors. The PTB uses different types of such transfer detectors
to facilitate the dissemination of the spectral responsivity.

In the NIR and MIR, many of these transfer detectors are
thermal detectors, whose measurement principle is based on
the heating effect of an absorber. Therefore, the detector re-
sponsivity is spectrally more or less wavelength independent
as long as the absorption of the incident radiant power is in-
dependent of the wavelength and there is no other spectrally
selective element (e.g. a window). A sufficiently accurate in-
terpolation of the spectral responsivity between widely sepa-
rated calibration wavelengths is possible in this case (Taubert
et al., 2017).

Recently, the PTB realized an additional approach for de-
tector calibrations regarding the spectral responsivity trace-
able to the SI by using a large-area blackbody radiator (called
LABB) operating at about 1200 K with a precision aperture
as a standard of spectral irradiance. In this case the respon-
sivity of a detector is not found by comparison to another
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Figure 1. Measurement setup for the detector calibration regarding
the spectral responsivity at the large-area blackbody (LABB) with a
precision aperture and two transmission filters.

detector but by using the radiation of a calculable radiation
source.

2 Concept of the calibration of the spectral
responsivity using calculable blackbody radiation

Figure 1 shows the measurement setup for the calibration of
detectors regarding their spectral responsivity. The spectral
responsivity s(1) is the ratio between the output signal of the
detector and the received radiant power.

The realized concept of the calibration of the spectral re-
sponsivity uses the radiation of a calculable radiation source:
an almost ideal blackbody radiator is used as a source of ther-
mal radiation. Hence, the spectral radiance is described by
Planck’s law for the specific temperature and emissivity. The
spectral radiant power at the detector can be calculated from
the spectral radiance if the geometry of the setup is known.
This geometry is determined by the size of the radiator aper-
ture, the size of the detector input aperture and the distance
between both apertures. Furthermore, the transmittance of
the air must be taken into account.

A small spectral part of the thermal radiation is selected
by using different spectral bandpass filters to obtain informa-
tion about the wavelength dependency of the detector respon-
sivity. Well-characterized pairs of filters have been applied
which are slightly tilted at an angle of 6° to avoid interreflec-
tions between them.

The spectral responsivity of the detector can be calculated
if all of the mentioned influencing quantities are known, and
the corresponding signal of the detector is additionally mea-
sured.

2.1 Large-area blackbody radiator (LABB)

The blackbody radiator that is used has a comparatively large
aperture to provide a larger irradiance in front of the cavity.
It is named large-area blackbody (LABB) for this reason. It
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has an emissivity € of 0.9990 and very small temperature in-
homogeneities, and it is therefore an almost ideal realization
of a blackbody radiator (Taubert, 2003). The LABB consists
of two concentrically stacked heat pipes with an inner radius
of 77.5mm and a temperature-stabilized precision aperture
with a nominal radius | of 10 mm. A temperature-stabilized
shutter is used to block the radiation for the measurement of
the detector dark signal.

The temperature of the LABB is measured with standard
platinum resistance thermometers (SPRTSs), and the temper-
ature stability during one measurement cycle is better than
50mK. The SPRTs are calibrated at PTB’s fixed point cells
for silver (Tag = 1234.93 K), aluminium (7x; = 933.47K),
zinc (Tz, = 692.68 K) and tin (Ts, = 505.08 K) as well as
the water triple point cell (Ty,0 = 273.16 K). These fixed
point cells are realizations of the International Temperature
Scale of 1990 (ITS-90) and the uncertainty of the calibration
is 10 mK.

All optical components are mounted on an optical bench
to ensure an optimal and collinear alignment with the heat
pipes of the LABB. The distance d between the apertures of
the LABB and the detector was set to about 400 mm, which
was measured with a calibrated inside micrometre gauge.

2.2 Filter transmission measurement

The spectrally broad thermal radiation of the blackbody radi-
ator has to be restricted to a certain wavelength range to cali-
brate detectors in terms of their spectral responsivity. A com-
bination of two well-characterized optical filters has been
used for each calibration wavelength: a bandpass filter (“fil-
ter A”) combined with an additional wider bandpass filter
or an edge filter (“filter B””). The use of two filters signifi-
cantly improves the attenuation of the out-of-bandpass radi-
ation and reduces possible unintentional transmission in the
blocking range of one of the filters. So, the compilation of
two filters improves the ratio between the wanted radiation
in the narrow bandpass wavelength range and the unwanted
radiation in the wide out-of-bandpass wavelength range. Si-
multaneously, the transmission in the bandpass range is only
slightly reduced when using two suitable filters.

Several pairs of filters have been chosen and character-
ized for their transmittance in the spectral bandpass and in
the blocking range by using a Fourier transform spectrom-
eter (FTS) and additionally a monochromator-based spectral
measurement facility at the PTB. In principle, the filters need
to be characterized over the whole spectral range, where the
LABB emits radiation as described by Planck’s law. There-
fore, different radiation sources, beam splitters and detectors
were used at the FT'S measurement facility to cover the spec-
tral range from 400 nm in the visible (VIS) up to 200 ym in
the far infrared (FIR). The uncertainty of the filter transmis-
sion measurement and its contribution to the combined mea-
surement uncertainty of the detector calibration will be dis-
cussed in detail in Sect. 4.
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Figure 2. Transmittances of two filters with bandpass regions at
1.55 um measured with a Fourier transform spectrometer (blue and
brown) and the calculated resulting transmission of both filters com-
bined (red) with significantly improved out-of-bandpass blocking.

Figure 2 shows the FTS measurement results and the
calculated transmittance of two filters for calibrations at
1.55um. Similar pairs were characterized for calibration
wavelengths at 2.7 um, 3.9 um, 10.6 um and 14 um. The fil-
ters with a diameter of about 25 mm are produced by differ-
ent manufacturers.

3 Calculation of the spectral responsivity

In general, the spectral responsivity s(1) of a detector is the
wavelength-dependent ratio between the output signal U of
the detector and the radiant power ® which is irradiating the
detector at a certain wavelength:

A v 1
sM=3- ey
The spectral responsivity of the detector is considered to be
constant within the wavelength range of the bandpass of the
applied transmission filters. The resulting spectral respon-
sivity is assigned to the central bandpass wavelength of the
filter pair. However, this bandpass is dominated by filter A,
which was always the filter with narrower bandwidth. Con-
sequently, the spectral responsivity is assigned to the central
bandpass wavelength App_a of filter A, whereas the detector
signal and the radiant power has to be calculated for the filter
combination:

Ugp-AB

@)

s(ABp.A) = Bopan’

The determination of the radiant power in the filter band-
pass ®pp.ap and the detector output signal Ugp-ap Will be
described in the following.
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3.1 Calculation of the radiant power in the filter
bandpass

The spectral radiance L) (A, Tpapp) of the LABB with its
wavelength-independent emissivity ¢ can by calculated by
Planck’s law:
2hc} 1
L, (A, TLaB) =¢" 25 e : 3)
eknATiaBB — |

This spectral radiance L (A, T o) is then reduced by the
spectral absorptance of radiation by the air in the beam path
with distance d. Absorption of radiation in air is mainly
caused by water molecules, as well as by nitrogen, oxygen
and carbon dioxide. Hence, the air humidity was monitored
during the calibration procedure. All these molecules are
considered by the software HITRAN, which calculates the
spectral transmittance taT(A) of the ambient atmosphere by
using a comprehensive and validated data set for the spectral
absorption of molecules (Rothmann et al., 2013).

The refractive index n of air for standard conditions can
be found in literature (e.g. Kohlrausch, 1996), and its uncer-
tainty can be estimated with Edlen’s formula for potential
changes of the temperature, pressure and humidity (Bonsch
and Potulski, 1998).

The circular radiator and detector apertures with radii 7
and r, are coaxially aligned at the distance d. Therefore, the
spectral irradiance E) (X, TiapB) in the plane of the detector
aperture is given by (Taubert, 2003):

27tr12
E; (A, TLaBB)=

rl2 —I—r22 +d?+ \/(rl2 + r22 + d2)2 - 41’121’22
-TaT(A) - Ly (A, TLABB) - “4)
The spectral radiant power @, (A, TLapB) is calculated by

multiplying the spectral irradiance Ej (A, T3 App) With the de-
tector input aperture size:

®; (A, TLaB) = 775 - E5 (A, TLABB) - (5)
The geometry of the measurement setup can by summarized
with the geometry factor G:

2 2
27'rr1 ST

G =

(6)

2 9
;f+@+42+/ﬁﬁwg+ﬂ)—4ﬁ@
@) (A, TLaBB) = G - TAT(A) - L) (A, TLABB) - (N

The radiation of the LABB is then spectrally selected by
the applied bandpass filters with its transmittances ta(A)
and 7g(X). Therefore, the radiant power ®(7yapp) irradiat-
ing the detector is given by integration of the spectral radiant
power @, (A, Tiapp) multiplied by the filter transmittances
over all wavelengths:

oo

q>(TLABB)=G'/TA(?~)~fB()\)-fAT()»)'LA (A, TLapp)dAr. (8)
0
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Figure 3. The spectral radiance L) (1, 71 o) of the LABB as given by Planck’s law for a temperature of 1200 K (red), the transmittance of
400 mm atmosphere toT(2) (blue) and the obtained spectral radiant power @, (A, 71 o) for the geometry at the calibration setup (black).

Only the part of the radiant power ®pp.aop Which irradiates
the detector in the wavelength range of the bandpass of fil-
ter A is used for the determination of the spectral responsiv-
ity s(ABp-a):

)\BP-A+% AVYN
DPppaB =G - / Ta(A) - 8(A) - TAT(A)

ABP-A— % IAVIN

L (A, TLagB)dA. &)

Consequently, the measured detector signal which is gener-
ated by the total amount of radiant power ® (71 app) needs
to be corrected with respect to the out-of-bandpass radiation.
This will be explained in the Sect. 3.2.

Figure 3 shows the spectral radiance L, (A, T.aBB) and the
obtained spectral radiant power @, (), 71 o) at the detector.
The LABB is set at its maximum temperature of 1200 K, and
the shortest possible distance d of about 400 mm between
the LABB and the detector is realized to achieve high power
levels at the detector. As mentioned above, it is necessary to
produce a high level of radiation in the bandpass wavelength
range while the radiation in the out-of-bandpass wavelength
range has to be as small as possible. Two main aspects have
an impact on this relation:

1. The calibration wavelength. The maximum of the spec-
tral radiance as calculated by Planck’s law at the black-
body temperature of 1200 K is in the wavelength range
around 2.5 um. This results in a relatively high amount
of radiation in the bandpass region and comparatively
low radiant power in the out-of-bandpass radiation
for calibrations in this wavelength range. In contrast,
for calibrations at longer wavelengths, for instance at
14 um, the spectral radiance in the bandpass wavelength
range is significantly lower and at the same time, the
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predominant part of the emitted thermal radiation needs
to be blocked by the filters.

2. The characteristics of the applied filters. The transmit-
tance tgp in the bandpass region should be as high as
possible to achieve high input levels. For the same rea-
son, the bandwidth AL of the filters should also be
rather wide. However, the maximum bandwidth was
chosen to be about 1 um to ensure that a possible change
of the spectral responsivity s(App.a) within the band-
pass can be neglected. Furthermore, the bandpass wave-
length Agp of the filters should be chosen in spectral
ranges with low atmospheric absorption. Apart from
that, it is a crucial requirement for the bandpass filters
to block nearly all out-of-bandpass radiation in the wide
spectral range from VIS to FIR. The out-of-bandpass
(or blocking) transmittance tpL, in the spectral range be-
tween 2 um and 10 pum is in this case of special interest
because the spectral radiance L) (A, T1aBB) reaches its
maximum in that spectral range (see Fig. 3).

Unfortunately, the option of reducing the blackbody temper-
ature 71 ABp to shift the spectral maximum towards the band-
pass wavelength especially for calibration wavelengths above
10 um results in a decline of the bandpass radiation below
the detection limit of the detectors (which typically is about
1 uW). The usage of three or more filters simultaneously is
not suitable for the same reason, because the radiation in the
bandpass wavelength range would also become insufficient.
Typically, a radiant power ®gp.ap in the range between 1 yW
and 20 uW has been realized at the calibration setup by using
different combinations of two filters.

https://doi.org/10.5194/jsss-10-109-2021
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3.2 Correction of the measured detector signal for
out-of-bandpass radiation

Although the radiant power at the detector is mainly in the
spectral range of the bandpass of the applied transmission
filters, a small but significant value of transmitted radiant
power reaches the detector in the wide out-of-bandpass spec-
tral range, which is caused by remaining transmittance in
the blocking range. To determine the part of the detector
signal Upp-aB that is only caused by the amount of radiant
power in the spectral range of the filter bandpass, the total
detector signal Uyoa needs to be reduced by the part of the
detector signal Upjock Which is caused by radiant power in
the spectral blocking range of the filters:

Ugp-aB = Utotal — Ublock- (10)

The total detector signal Uyog in this calculation is already
corrected with respect to the detector dark signal, which is
measured by using a temperature-controlled shutter between
the blackbody aperture and the blackbody.

The portion Upjock Of the detector signal can be evalu-
ated by estimating the detector’s spectral responsivity in the
spectral blocking range of the filter. As a first approxima-
tion, the spectral responsivity is considered to be indepen-
dent of the wavelength. This approximation of the spectral
responsivity can be improved to lower the uncertainty by
incorporating previous calibrations and characterizations of
the absorber layer in the wavelength range up to 25 um (see
Egs. 11 and 12). The spectral responsivity at wavelengths
above 25 um (see Eq. 13) is based on a rough assumption
with higher uncertainty. Figure 4 shows the model for the
spectral responsivity of the detector under test.

s1=5(A1 <A <A3), (1D
52 =5k <A =< 1e), (12)
s3=5(Ae <A< Ag). (13)

In terms of the wavelength ranges defined in Eqgs. (11)—
(13), the corrected detector output signal is calculated by

Up-AB = Utotal — (51 P13 + 52 P46 + 53Peg) (14)

with the radiant power ®;; in the specific wavelength range
from A; to A ;:

Aj
ij = G/TA(/\) -18(A) - Tar(A\) - Ly (A, Tap)dA.  (15)

A

The wavelengths X», A5 and A7 shown in Fig. 4 which are not
used in Egs. (14) and (15) will be explained and used later
(e.g. in Fig. 5).

https://doi.org/10.5194/jsss-10-109-2021

s(A) A Ay

r A )

51 s(Agp_a) ) 53

i | i A/ um
A M3 depads A A A7 Ag
0.2 25 80 300

Figure 4. Model for the spectral responsivity in the out-of-bandpass
range (red) including the uncertainty of this assumption (grey) in
line with the transmittance of the bandpass filter A (blue).

L

Ada

’

T(4) 4
1| e
TBpA & x AMp

BP-B

A/ pum
0 >
A A A3 Ay A A A7 Ag

0.2 25 80 300

/BP-A
/ABP-B

Figure 5. Parametrization of the transmittances of the filters A
and B including their uncertainties in different spectral ranges
(grey) for the consideration of the transmittance measurements in
the calculation of the measurement uncertainty of the spectral re-
sponsivity.

3.3 Correction of the spectral responsivity for stray
radiation

The spectral responsivity — which is calculated as the ra-
tio between the out-of-bandpass corrected detector sig-
nal Upp.ap and the radiant power in the filter band-
pass ®pp.ap — has furthermore to be corrected with respect
to stray radiation. Stray radiation mainly occurs in two ways
at the calibration setup:

J. Sens. Sens. Syst., 10, 109-119, 2021
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1. A small part of the blackbody radiation is scattered
alongside the bandpass filters and reaches the detec-
tor’s sensitive area by multiple reflections at the optical
components, which are needed to realize the calibration
setup. Additional stray radiation apertures have been
implemented to reduce this stray radiation to a mini-
mum and to limit the field of view of the detector. The
size of these apertures is as small as possible to block as
much of this stray radiation, but it is still large enough
to not limit the actual beam path through the filters be-
tween the LABB aperture and detector aperture. Com-
prehensive measurements with blocked bandpass filters
have been conducted to prove that there is no significant
stray radiation alongside the optical components left.

2. Further stray radiation is generated since the detector
aperture in front of the sensitive area is exposed to the
blackbody radiation. This radiation is scattered from the
detector aperture onto optical components in front of
the detector and then back onto the sensitive area of
the detector. Therefore, a correction factor asg of the
calibrated spectral responsivity is added to the calcu-
lation of the spectral responsivity. The correction fac-
tor is based on measurements with different apertures
as 0.980, and its associated uncertainty is conservatively
estimated as 0.020.

The final equation for the determination of the spectral re-
sponsivity including all corrections and applying the wave-
length ranges as shown in Fig. 4 and the substitutions from
Eq. (15) is then given by

Utotal — (51D 13 + 52 Pyp + 53 Peg)
D34 )

s(ABp-A) = asr - (16)

4 Calculation of the combined measurement
uncertainty

In the following, the determination of the measurement un-
certainty of the spectral responsivity obtained with the cali-
bration method at the blackbody radiator LABB will be pre-
sented. According to the Guide to the Expression of Uncer-
tainty in Measurement (GUM) (BIPM, 1995), the combined
standard measurement uncertainty u#. for multiple uncorre-
lated input parameters x; for the function s(xi, x2,...,x,)
has to be calculated by

n 9s 2
Uc = Z (E ~u(xi)) . an

1

The equation to determine the spectral responsivity for the
detector calibration at the LABB with optical bandpass filters
is given in Eq. (16) and includes the following input param-
eters: detector signal Uyg,y; aperture radius of the LABB ry;
aperture radius of the detector ry; distance d; emissivity ¢;
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temperature 71 Apg; absorption in air taT(A); refractive index
of air n; the spectral responsivities s, s2, and s3; transmit-
tances of filters A and B; and the correction factor asr.

The filter transmittances ta(A) and tg(A) are wavelength
dependent and therefore part of the integrals in Eq. (16). For
this reason, it would be laborious to calculate the sensitivity
factors 3875, with respect to the filter transmittances 74 (1) and
t8(X). Therefore, a simplified model for the consideration of
the filter transmittance in the uncertainty calculation was ap-
plied to calculate the measurement uncertainty with a rea-
sonable mathematical effort: in this model the filter transmit-
tance is hypothesized to be wavelength independent in cer-
tain spectral ranges. Hence, the filter transmittances can be
factored out from the integrals in Eq. (16). Note that this sim-
plified consideration of the filter transmittance is only used
for the uncertainty calculation but not for the determination
of the spectral responsivity itself!

4.1 Model for the consideration of the uncertainty of the
filter transmittance in the uncertainty budget

The filter transmittance is assumed to be section-wise con-
stant in the applied simplified mathematical model for the
uncertainty calculation. This allows us to describe the fil-
ter transmittance with only a few parameters, which are for
both filters the central bandpass wavelength Agp; the band-
width AA; the transmittance 7gp in the bandpass; and the
transmittances Tgr, T2, and tgr3 in different sections of
the out-of-bandpass range, as shown in Fig. 5.

Each parameter features a specific uncertainty contribu-
tion. Thereby, the different uncertainties of the filter trans-
mittance measurements in diverse wavelength ranges at the
FTS are taken into account. Furthermore, the model correctly
considers the correlation between the shift of the upper and
lower bandpass wavelength e.g. due to tilting, because a shift
of the central wavelength impacts both the upper and lower
bandpass edge.

The formula of the spectral responsivity that is used for the
determination of the uncertainty is significantly simplified by
implementing the parametrization of the filter transmittances
for all pairs A and B with the assumption of section-wise
wavelength-independent transmittances:

asr
s(ABpA) = —————
TBP-ATBP-B K34
- (Utotal — TBL1-ATBL1-B (51 K12 + 52K 56)
—TBL1-ATBP-B (51 K23 + 52 K45)

—TBL2-ATBL2-BS3 K67 — TBL3-ATBL3-BS3K73)  (18)
Equation (18) uses the substitutions K;; for the integrals:

Aj
Kij = G/TAT()L)‘LA (%, TLaBB) dA (19)
Ai
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and a simplification of the geometry factor G in the present

2 2
. r 1z
measurement setup with d—lz — 0 and d_zz — 0:

o 7'rr12 . nr22
G~ G= —p (20)
In Eq. (18), the transmittances are no longer part of the

integrals; therefore, the partial derivations aa—; can be eval-

uated with reasonable mathematical effort to determine the
sensitivity coefficients for the uncertainty u(x;) of each input
quantity x;.

4.2 Measurement uncertainties connected with the filter
transmittances

The uncertainties of the filter transmittances are the dominat-
ing contributions towards the combined measurement uncer-
tainty of the spectral responsivity and are therefore discussed
in detail. The uncertainties are subdivided into the uncertain-
ties of the transmittance measurements in the bandpass and
out-of-bandpass wavelength ranges, as well as the local inho-
mogeneities and the instabilities of the filter transmittances.
This also includes the uncertainty of the central bandpass
wavelength.

The absolute standard uncertainty of the measurement of
the transmittance in the out-of-bandpass range at the FTS is
mainly caused by stray radiation, which was characterized
by measurements with an aluminium sample instead of the
filter. It is 0.0050 for wavelengths shorter than 25 um and
0.015 for wavelengths up to 80 um. In the wavelength range
of the bandpass tgp, the absolute measurement uncertainty
is 0.015.

Additional measurements were conducted at the FTS and
a spectral comparator measurement facility to investigate the
uncertainty contributions. The spectral comparator measure-
ment facility is monochromator based and realizes measure-
ment uncertainties better than 1074,

Figure 6 displays the comparison of the transmittance
measured with the FTS and with the spectral comparator fa-
cility for a filter with the central bandpass wavelength App
at 1.55 um. The transmittance in the bandpass range agrees
within the measurement uncertainty of 0.015 and in the out-
of-bandpass range of 0.0050 between these different mea-
surement approaches. Figure 6 also shows the coherence of
the bandpass shape between both measurements.

The transmittance of several filters was measured at differ-
ent positions to evaluate the local inhomogeneity. The results
for a filter with central bandpass wavelength Agp at about
4 um show that the bandpass transmittance tgp varies in a
range smaller than +0.015 over the filter area (see Fig. 7).
The stability of the central bandpass wavelength is better
than £15nm. The overall shape of the bandpass is consis-
tent, and the change of the filter bandwidth AA is smaller
than +3.0 nm.

Additional measurements were conducted to explore the
uncertainty contribution due to misalignment such as small
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Figure 6. Transmittance of a filter with its central bandpass wave-
length at 1.55 um measured with the Fourier transform spectrometer
(FTS, red) and the spectral comparator facility (blue).

variances between the filter angle at the FTS and the LABB.
These measurements took place at the FTS for several fil-
ters using sample holders with different tilt angles. The angle
used during detector calibrations was 6°. The tilting of the
filters results in a shift of the central bandpass wavelength
and a slight change of the bandpass transmittance. Figure 8
shows results for a filter with bandpass wavelength at about
10.6 um. The bandpass transmittance tgp varies in a range
smaller than £0.015, and the wavelength accuracy is bet-
ter than 15 nm for tilt angle variations of £2°. The overall
spectral shape of the filter bandpass does not change, and the
variation of the bandwidth AX is insignificant.

All investigated uncertainties of the filter transmittance
due to the angle of incidence, the local inhomogeneity or the
temporal instability are covered by the applied uncertainties
u(Agp), u(AMN), u(tgp), u(rgr1) and u(rgro) as listed in Ta-
ble 1. They are conveniently assumed to be the same for all
filters.

The radiant power in the spectral range below 80 um —
calculated by Planck’s law for the blackbody temperature
of 1200K by also considering the atmospheric absorption
(Eq. 7) — is about 12 000 times larger than the radiant power
in the spectral range above 80 um. Therefore, the filter trans-
mittance at wavelengths above 80 um can be conveniently es-
timated with tgp.3 = 0.5040.50 without increasing the over-
all combined standard measurement uncertainty u..

5 Calibration of the spectral responsivity of
thermopile detectors at the LABB

The described measurement approach using the calculable
radiation of a blackbody combined with accurately character-
ized bandpass filters was applied to the calibration of a set of
thermopile detectors (TS-76 by the Leibniz-Institut fiir Pho-
tonische Technologien e.V.). These detectors were equipped
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Figure 8. Filter transmittance measured with FTS of a filter with its bandpass at about 10.6 um for the investigation of the influence of
different tilt angles on the spectral transmittance. The standard angle used during the calibrations is 6°. Shown is the same measurement in

different wavelength extracts.

with additional apertures. The areas of these apertures have
been separately determined (radius r around 2.9 mm mea-
sured with a standard uncertainty of 20 um).

These detectors have been well characterized and are cal-
ibrated MIR transfer standards at the PTB (Pohl et al.,
2019). The Sl-traceable calibration of the spectral responsiv-
ity of these detectors has been accomplished against one of
PTB’s cryogenic electrical substitution radiometers, which
are primary detector standards for the measurement of ra-
diant power (Martin et al., 1985). These detector calibra-
tions in the MIR have been performed at the wavelengths
of a CO; laser (10.6pum) and a quantum cascade laser
(3.96 um and 9.45 um) with a radiant power between 1 uW
and 100 uW (Pohl, 2018). The relative standard measurement
uncertainty of the spectral responsivity determined with MIR
lasers against the cryogenic electrical substitution radiometer
ranges between 0.5 % and 2.1 %.
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5.1 Calibration results

Figure 9 shows the results of the calibration of the spectral
responsivity of a thermopile detector TS-76 measured at the
LABB in line with the former results obtained at the cryo-
genic electrical substitution radiometer facility. Both results
are consistent within the measurement uncertainties. The de-
crease of the spectral responsivity at longer wavelengths has
been consistently observed with both methods. This spectral
trend is in agreement with the spectral decrease of the ab-
sorptance of the detector absorber layer found in independent
measurements.

A systematic difference between both calibration ap-
proaches has to be noted: the sensitive area of the detector is
fully irradiated within the aperture area at the LABB but only
at its centre when using laser radiation at the cryogenic elec-
trical substitution radiometer. Therefore, inhomogeneities of
the spectral responsivity over the sensitive area lead to a sys-
tematic difference in the calibration results between the two
different approaches. The known slight increase of about 5 %
of the spectral responsivity in the edges of the sensitive area
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Table 1. List of all input quantities X;, their estimated values x; and standard uncertainties u(x;) as well as their contributions towards the
combined relative standard measurement uncertainty of the spectral responsivity of the thermopile detector TS-76 for the calibration at the
blackbody radiator LABB with filters with a central bandpass wavelengths of about 10.6 um. The values of the quantities for the filter model
that is used for the calculation of the uncertainty are based on the measurement results of the Fourier transform spectrometer and former

calibration results.

Input quantity X; Estimated u(x;) Contribution

value to relative

X; uncertainty
Detector signal Uyga) 61.68uV 0.12pV 0.22 %
Aperture LABB r 10.0059 mm  0.0043 mm 0.10 %
Aperture TS-76 o 2.902 mm 0.020 mm 1.6 %
Distance d 413.8 mm 3.0mm 1.7 %
Emissivity ¢ 0.9990 0.0010 0.12%
Blackbody temperature 71 ABB 1206.74 K 0.50K <0.1%
Correction due to air transmittance 7ot  1.0074 0.0074 0.24 %
Refractive index of air n 1.000270 0.000030 <0.1%
Correction due to stray radiation aggr 0.980 0.020 2.3%
Spectral responsivity s 3.20VIW 0.64 V/IW 0.82 %
Spectral responsivity s 32V/W 1.6 V/IW 0.16 %
Spectral responsivity s3 32V/IW 32VIW 1.7 %
Central bandpass wavelength Agp_a 10580 nm 15nm 1.4 %
Bandwidth AXp 1100.0 nm 3.0nm 0.36 %
Central bandpass wavelength Agp_g 10620 nm 15 nm <0.1%
Bandwidth AApg 1200.0 nm 3.0nm <0.1%
Out-of-bandpass transmittance tgy ;.o 0.0200 0.0050 1.1%
Bandpass transmittance tgp.a 0.850 0.015 1.9 %
Out-of-bandpass transmittance tgy2.o  0.200 0.015 0.11 %
Out-of-bandpass transmittance tgy 3. 0.50 0.50 0.22 %
Out-of-bandpass transmittance Tgy |- 0.0200 0.0050 1.1%
Bandpass transmittance tgp.g 0.860 0.015 1.9 %
Out-of-bandpass transmittance Tgy».5 0.200 0.015 0.11 %
Out-of-bandpass transmittance tgy 3. 0.50 0.50 0.22 %
Combined relative standard measurement uncertainty of s (10.6 um) 5.1%

of the thermopile detector TS-76 leads to a systematically
higher result for the spectral responsivity of about 2 % at the
LABB. The data depicted in Fig. 9 are not corrected for this
effect.

5.2 Measurement uncertainty budget

Table 1 lists all input quantities X; including their estimated
values x; and standard uncertainties u(x;) for an exemplary
measurement at 10.6 um. All these uncertainty contributions
lead to a combined standard measurement uncertainty u. of
the detector responsivity of about 5.1 % in this case.

The uncertainty u(7app) of the temperature of the LABB
is estimated to be 500 mK. The actual blackbody temperature
can be measured close to the bottom of the cavity according
to the ITS-90 using the SPRTs with an uncertainty of only
several millikelvin (Taubert, 2003), and the standard devia-
tion of the measured temperature during one calibration cy-
cle is likewise low. But the conservative approximation of the
temperature uncertainty also respects radial and axial tem-
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perature inhomogeneity of the heat pipes and misalignment
of the optical components and the detector in front of the
LABB. Nevertheless, the LABB temperature uncertainty can
be neglected with respect to the overall measurement uncer-
tainty of the calibration. The same counts for the impact of
the geometry uncertainty, the emissivity uncertainty, the de-
tector noise and the uncertainty of the refractive index of air.

In contrast, the measurement of the filter transmittances
both in the bandpass and the out-of-bandpass spectral ranges
causes dominating uncertainty contributions. Hence, the in-
dividual uncertainty of the calibration varies almost only
with the applied bandpass filters due to their individual spec-
tral transmittance and attenuation. Especially, the spectral lo-
cation of their bandpass wavelength with respect to the spec-
tral distribution of the thermal radiation of the LABB given
by Planck’s law is crucial.

This spectral irradiance at a blackbody temperature of
1200K has its maximum in the wavelength range at about
2.5 um and decreases at longer wavelengths (Fig. 3). Hence,
the radiant power in the filter bandpass drops down at longer

J. Sens. Sens. Syst., 10, 109-119, 2021
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Table 2. Reached relative standard measurement uncertainties for the wavelengths which have been realized for detector calibrations at the

blackbody radiator LABB by using characterized bandpass filters.

Calibration wavelength Agp_a

1.5pm  2.7pm  39pm 10.6pum 14um

Relative standard measurement uncertainty of s(Agp.a)

7.5 % 88% 5.0% 51% 19 %
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Figure 9. Spectral responsivity of the thermopile detector TS-76
measured with the cryogenic electrical substitution radiometer (red)
and at the blackbody radiator LABB (blue). The results are consis-
tent within the given combined measurement uncertainty. The un-
certainty bars in the diagram represent standard uncertainties.

calibration wavelengths, and at the same time the amount of
radiant power that has to be blocked increases significantly.
Therefore, the uncertainty contribution of the filter attenu-
ation increases significantly at longer wavelengths. For this
reason, the measurement uncertainty at 14 ym increases to
19 %, whereas it is about 5 % at 3.9 um. The uncertainty of
the measurement at longer wavelengths can be improved by
using filters with a broader bandpass range to maximize the
amount of available radiant power. Furthermore, the attenu-
ation is improved by using two bandpass filters instead of a
single filter.

The uncertainty of the correction of the air absorption,
which is based on HITRAN data (Rothmann et al., 2013),
was conservatively estimated as the correction itself and
is not dominating the overall measurement uncertainty for
wavelengths outside absorption bands. But at the calibra-
tion wavelength of 2.7 um, which is in a spectral region with
atmospheric absorption, the combined measurement uncer-
tainty increases to about 9 % for this reason.
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6 Summary and outlook

An additional approach for the SI-traceable calibration of de-
tectors regarding their spectral responsivity in the NIR and
MIR was realized at PTB by using the calculable radiation
of a large-area blackbody called LABB operated at about
1200 K with a precision aperture and optical bandpass filters.
The transmittance of the filters was accurately characterized
with a Fourier transform spectrometer, and the detectors un-
der calibration are thereby irradiated by a calculable spectral
radiant power.

A comprehensive measurement uncertainty budget was
developed which especially handles the transmission of the
optical filters by using a suitable mathematical model for the
filter transmittance.

Thermopile detectors of the type TS-76 were calibrated in
terms of their spectral responsivity with several bandpass fil-
ters in the spectral range from 1.5 um up to 14 pym. The com-
bined measurement uncertainty is in the range between 5 %
and 19 % (see Table 2), and the measurements are consistent
with previous calibrations at PTB’s national primary detector
standards.

By this means, this measurement procedure was estab-
lished as an additional SI-traceable calibration approach for
detectors in the NIR and MIR. The calibration using black-
body radiation offers the possibility for calibrations at wave-
lengths where characterized bandpass filters are available.
This is especially of interest for wavelengths where currently
no laser radiation sources are available at PTB’s cryogenic
electrical substitution radiometer facility.

It is planned to calibrate further types of MIR transfer stan-
dards such as pyroelectric detectors at the LABB in terms of
their spectral responsivity to show the applicability of this
method. These calibrated transfer detectors, which are typi-
cally calibrated with high effort and lowest possible uncer-
tainty against PTB’s national cryogenic radiometer standard,
are used as transfer standard detectors for the calibration of
customer detectors. For this application, the PTB is installing
a detector comparator facility for routine customer calibra-
tions in the NIR and MIR. This facility will use laser radia-
tion sources to calibrate detectors at specific wavelengths and
a thermal, broadband radiation source in combination with
a monochromator setup to calibrate detectors at any wave-
length by using an interpolation of the spectral responsivity
of the transfer standards. However, if lowest possible uncer-
tainties are not needed, customer detectors may also be sim-
ply calibrated using the blackbody radiator.
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