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Abstract: A calibration method based on a standard blackbody source for broadband terahertz detectors
was proposed. The method includes a line-of-sight calibration setup, two calibration procedures and the
corresponding simulation programs. The method takes into account the ambient temperature, the
ambient humidity and the transmittance of the terahertz low-pass filter. A 4.2 K silicon bolometer was
calibrated in the terahertz range by using the proposed method. The calibrated detector was further
verified by using a Fourier-transform spectrometer to measure the blackbody emission spectrum. Three
main sources of calibration error were identified and the corresponding solutions to reduce the error were
proposed. The method can be applied for terahertz pyroelectric detectors, terahertz microbolometers and
other types of broadband terahertz detectors in general.
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0 Introduction

Terahertz (THz) technology is finding its places
in an increasing number of applications*’. THz
detector is one of the key devices for many sensing and
detection applications in which not only qualitative but
analysis of the THz radiation
required. The THz

responsivity needs to be calibrated for quantitative

also quantitative
spectrum may be spectral
applications. For example, a calibrated detector is a
must for determining the emission power and/or the
spectrum of an emitter under development.

To calibrate a detector, the standard-source"
method and the standard-detector " method are usually
applied. The former method is of fundamental and
relies on the standard blackbody source or any
calibrated source. The later is of a comparative method
and relies on the calibrated detector. Benseman et al
and Christopher et al have used a standard detector to

calibrate other un-calibrated detectors™.

Steiger et al
calibrated THz detectors by using both methods"’.
However, the laboratory environment such as humidity
and the ambient temperature are not considered in
these calibration procedures. It is well known that
severe absorption of THz waves by water takes place.

In this paper, an improved standard source method
is proposed to calibrate a silicon bolometer by taking
into account both the laboratory temperature and the

ambient humidity. The -calibration is validated by

measuring the blackbody emission spectrum and
comparing it to the simulated spectrum.

¢4

1 Method

In order to reduce the uncertainties in the
calibration, two different procedures are designed to
calibrate the responsivity of a 4. 2 K silicon bolometer.
The corresponding programs are developed to simulate
the calibration procedures. The am atmospheric model
developed at Smithsonian Astrophysical Observatory™"
is adopted in our simulation programs to calculate the
THz absorption by water vapor and the temperature
effect. After the responsivity calibration, the detector
is implemented in a Fourier transform spectrometer and
verified by comparing the measured blackbody emission
spectrum with the simulation.

1.1 Setups
1.1.1

The calibration setup is schematically shown in

Setup for responsivity calibration

Fig. 1. The calibrated blackbody source and the silicon
bolometer to be calibrated are mounted on an optical
table in a line-of-sight configuration. The liquid-helium
cooled silicon bolometer was manufactured by Infrared
Laboratories with a serial number of 3343. The
Winston cone of the silicon bolometer faces the center
of the blackbody source ©7'. The blackbody source
( HFY-206B) is
Optoelectronic Technology Co. , Ltd. As stated in the

produced by Shanghai Fuyuan
menu, the emissivity of the source is up to 0. 99, and
the maximum temperature is 900°C. It is worth noting
that the blackbody source has a flat emission surface

which is 23 c¢cm behind its exit port.

rem—agpaeee O

Blackbody
source

Aperture #2

Aperture #1
Chopper blade

Ambient humidity:
Ambient temperature: 7,

v =

S -

Ampl.

Silicon
bolometer

LPF@RT LPF@LT Winston cone

Fig. 1 Schematic setup for the responsivity calibration of a silicon bolometer

A chopper is placed in front of the blackbody
source to modulate the emission power. Special cares
are taken to stabilize the temperature of the rotating

blade by placing two circular apertures in front of and

behind the chopper blade, respectively, as shown in
Fig. 1. The diameter of aperture # 1 is smaller than
the diameter of blackbody source in order to prevent

the chopper blade from being heated™ , and the
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Table 1 Key parameters of the calibration setup

Blackbody Aperture diameter/mm Ambient Ambient
o Xp/em Xc¢/em rp/mm L -
temperature T/C =1 =52 humidity  temperature/ C
200-900 8 6 90-210 30 3 47% 27.8

aperture # 2 defines the total solid angle of the
blackbody source seen by the silicon bolometer through
the chopper blade M

Since the blackbody source has strong infrared
emission which can be directly sensed by the silicon
bolometer, cares must be taken to filter out the short
wavelength emission from the blackbody source. Three
different Low-Pass Filters (LPF) have been installed in
the silicon bolometer for this purpose. Fig. 2 shows
the transmittance characteristics of filter LPF # 1 and
LPF# 2 cooled at 4. 2 K. LPF £ 1 is a 1 mm thick
wedged sapphire with one face coated by a 4-8 micro
diamond scatted layer and the other face coated by
white polyethylene and ZnO. The cut-off frequency is
about 11 THz and the transmittance ranges from 0. 6 to
0.8. LPF # 2 is a diamond-wedged crystalline quartz

with a thickness of 1 mm and one of the faces is coated

1.0 T T T T T T
LPF@LT#1 1
0.8F -~ (sapphire with diamond and ZnO)
] ;_ /\\/A .
2 o6} \/‘/ 1
S 04}F t 1
= [
0 { LPF@LT#2
“T \ (crystalline quartz with ]
+ gamet powder)
0 N \ " 1 N " "
0 2 4 6 8 10 12
Frequency/THz
Fig. 2 Transmittance of LPF# 1 and LPF#2 at 4. 2 K

in the silicon bolometer

FTS in nitrogen hood

by garnet powder. The cut-off frequency of LPF # 2 is
about 2. 8 THz, far less than LPF # 1. The
transmittance reaches up to 0. 8 in the pass band.
Experiments have shown that LPFs (LPF @ LT)
installed in the silicon bolometer is not as good as that
shown in Fig. 2, i.e., significant transmission beyond
the cut-off frequencies are observed (data not shown).
For this reason, an extra LPF (LPF@RT) made of the
same material as that installed in the silicon bolometer
is placed in front of the entrance port of the bolometer.
The combined LPF @ RT and LPF @ LT guarantee a
negligible transmission beyond the cut-off frequencies.
1.1.2  Setup for spectroscopy of blackbody source
As shown in Fig. 3, the setup for spectroscopy
includes a Fourier Transform Spectrometer (FTS), the
calibrated silicon bolometer and a blackbody source at
300 K with a background temperature of 7 K. The
blackbody radiation is emitted from the chopper blade
at 300 K and the emission background is from a cold
head cooled down to 7 K. A TPX (Polymethylpentene)
window # 1 is installed as the view port of the 7 K
cryostat facing to the chopper blade. The chopper
The Off-
Axis Parabolic mirror (OAP # 1) and the plane mirror

modulates the blackbody emission at 37 Hz.

collimate the blackbody emission into the FTS. The

interference of the two beams from the FTS is

TPX window #1

A
Beam splitter
Moving mirror ‘
\4

L

Winston cone LP F@LT#zl

Bolometer

___'N

A7

_U‘

| / —

A

153
UAYr

W |
”l' | |-y
Uy =
/ N
ﬁ; Chopper

’

1
1

:Z:

w0 Chopper reference

e WA,

TPX window #2

|

Lock-in amplifier

Y

Fig. 3

and the calibrated silicon bolometer

Spectroscopy of the blackbody emission at 300 K with a background temperature of 7 K by using
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T E Ol
collected by the OAP # 2 and sensed by the silicon 0 :m’% 3
bolometer. A TPX window # 2 is installed in front of SX )
the silicon bolometer. A dry nitrogen-gas filled hood 0 :"7% (1)
DC (XD _ X(* )Z

the
spectrometer path except a short beam line (about 2
cm) right between the TPX window # 2 and the Teflon

window on the silicon bolometer.

encloses whole optical a Fourier-transform

By adjusting the
plane mirror the blackbody emission is collimated into
the FTS for spectroscopy. A lock-in amplifier is used
to read out the interferogram by stepping the moving

mirrort’ %7,

In the setup, the TPX windows have
transmittance of 0. 8 in the THz frequency range.
1.2 Model

The broadband the

blackbody is determined by the Planck’s law with

emission spectrum from

characteristic parameters such as the temperature and
Lol The spectrum is peaked at a
higher

The

spectral radiance of a blackbody source can be described

the emissivity

characteristic ~ frequency that shifts to

frequencies with increasing the temperature.

as

oy Zhf 1
B(fsT)_ 2 C/./Vk“Til

c

@)

where, B is the radiation energy per unit time (or the
power) per unit area of the emitting surface per unit
solid angle per unit frequency from the blackbody in the
normal direction, T is the absolute temperature, kg is
the Boltzmann constant, & is the Planck constant and ¢
is the speed of light in vacuum. At room temperature
most of the emission is in the infrared region of the
electromagnetic spectrum.

the

transmittance through the entire optical path and the

A simulation program takes into account

solid angles seen by the silicon bolometer is developed.
In the first step, we consider the overall transmittance
of the optical path from the blackbody to the silicon
bolometer

F(H=THXT XVH (2)
where, T(f) is the transmittance of LPF@RT, T, is
the transmittance of Teflon behind Winston cone,
V(f) is the transmittance of the optical path enclosed
in the nitrogen hood outside of the cryostat. It is the
room temperature and the humidity in the nitrogen
hood that determines the transmittance V( ).

In the second step, the solid angles of the

blackbody source ((2,s) and the chopper blade ()

seen by the silicon bolometer are determined as

where, 7y, is the diameter of the opening of the Winston
cone, X is the distance between the chopper blade and

the blackbody source, X, is the distance between the

blackbody source and the Winston cone "',

In the third step, the total emission power arrives
at the silicon bolometer is a sum of that from both the
blackbody source and the chopper blade P= P, + Py
with

S

Pos — Ad X Ou X J BCf.To) X F(HAf

S o
f

Ppe = A X 0Qpe X JB(fq T X F(HAS

(5

(6)
7
where, Tgand T are the temperature of blackbody and

chopper, Ag and Ag are the effective area of the
blackbody source and the chopper blade seen by the
silicon bolometer, respectively.

In the final step, the output voltage signal from
the silicon bolometer can be written as

Vy=aXR, X (Pps— Ppe) 7
where, R, is the responsivity of bare silicon bolometer
to be calibrated, « = 0. 45 is determined by the duty
cycle of the chopper modulation which is fixed as 50 %3.
Based on the above physical model, a simulation
program is developed and allows for simulations of the

blackbody

temperature and the blackbody-bolometer distance.

bolometer signal as a function of the

2 Results and discussion

the the
calibration, two different procedures (VT and VD)

In order to reduce uncertainties in
have been conducted to collect the calibration data. In
procedure VT, the bolometer response is measured as a
function of the blackbody temperature (T = 200 —
900°C) by keeping the source-detector distance fixed at
X, =130cm and all other geometric parameters fixed.
In procedure VD, the bolometer response is measured
as a function of the source-detector distance (X, =90—
210cm) by keeping the blackbody temperature fixed at
T=900C and all other geometric parameters fixed.
For both procedures, we measured the bolometer
responses when external LPF is switched between LPF
@RT# 1 and LPF@RT # 2 while the internal LPF is

always fixed as LPF@LT # 2. The main parameters of
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the calibration setup and the laboratory environment
are listed in Table 1. Once the above experimental
calibration data are collected, the target responsivity
can be obtained by running the simulations. By
implementing the calibrated silicon bolometer in the
spectroscopy setup, the calibration model and the
programs are verified by comparing to the experimental
spectra.
2.1 Responsivity calibration of the silicon bolometer
The results of procedure VD and VT are plotted in
Fig. 4 Ca) and Fig. 4 (b), respectively. In both
procedures, the low pass filter used in the liquid helium
cryostat is LPF @ LT # 2. In procedure VD, the
bolometer signals were measured as a function of the
distance by fixing the
900C. The simulated bolometer

source-detector source
temperature at
responses (the dashed curve and the solid curve) agree
well with the data points (the open squares and the
solid circles) which were obtained by using LPF@RT
#1 and LPF@RT # 2 as the external filter at room
temperature, respectively. The responsivity of the
bolometer is obtained as Ry = 1. 1 X 10" V/W. In
procedure VT, the source-detector distance is fixed at
130 ecm and the source temperature is varied from
200C to 900 C. Similarly, two sets of data points

were obtained by setting the external low-pass filter as

12 T v T T T
[\ \ —— Simu (LPF@I. T#2, RT#2)
> 10F — — Simu (LPF@LT#3, RT#1)
E R @® Exp (LPF@LT#2, RTH2)
R \. O Exp (LPF@LT#2, RT#1) .
D P 1
w 6 - A) A
5 \ \
g 4 \
3 N
e
2+ SR -
| O - i
0 i S e . o~
50 100 150 200
,\D,cm
- (a) The bolometer signal of VD when 7=900°C
L —— Simu (LPF@LT#2, RT#2) A
20k — — Simu(LPF@LT#3, RT#1) i
T @ Exp (LPFQLT#2. RT#2) /./'
O Exp (LPF@LT#2, RT#1) 1
15F .

Bolometer signal/mV

1 . 1 " 1 1 "
0 200 400 - 600 800 1000

S
(b) The bolometer signal of VT when X =130cm
Fig. 4 The results of procedure VD and VT (the symbols are

experiment data and the lines are simulation results)

LPF@RT#1 and LPF@RT # 2. Simulations with the
previously obtained responsivity agree well with both
sets of the data points, as shown in Fig. 4 (b).
However, it is clear that greater error is observed in
procedure VD comparing to procedure VT. This
implies that the further the silicon bolometer from the
blackbody source, the more accurate the calibration is.
Procedures VT alone would be sufficient for
responsivity calibration and procedure VD allows for
further reducing the calibration error. The responsivity
is confirmed by using a backward wave oscillator tuned
at 0. 9 THz, a calibrated power meter ( Model 3A-P-
THz from Ophir Optronics Solutions Ltd) and an
attenuator (Microtech Instruments Inc. ).
2.2 Blackbody spectrum verification

In the above simulations for the calibration
procedures, absorption of the THz emission in air has
been considered by using the Atmospheric Model(AM)
program. The validity of the simulation is examined by
comparing the measured blackbody emission spectrum
with the simulated spectrum through the air column.
The transmission coefficient of THz wave through air is
shown in Fig. 5(a). The simulated spectrum and the
measured spectrum of a 300 K blackbody are plotted in
Fig. 5(b). In the simulation, the length of the optical
path in air is set as 200 cm and the humidity is chosen
as 47% , both are measured in the laboratory. In the
experiment, the external low-pass filter is removed and
the only filter inserted in the optical path is the LPF@
LT # 2. The characteristic absorption lines are marked
as A (0.56 THz), B (0.75 THz), C (0.98 THz), D
(1.10 THz, 1.16 THz, 1.21 THz), E (1. 41 THz),
F (1.67 THz), G (2.20 THz), H (2. 39 THz) in
Fig. 5(a) and are recovered in the spectra shown in
Fig. 5(b). These strong absorption lines are from
water vapor in air. The absorption induced by water
vapor is more than two orders of magnitude stronger
than those from oxygen and nitrogen ( data not
shown). The simulation agrees well with the measured
spectra except that the measured transmission in region
W is significantly stronger than the simulation, and
there is a small deviation in the pass band between the
simulation and the experiment. This confirms that LPF
@LT # 2 is leaky beyond the cut-off frequency and the
transmittance in the pass band may be inaccurate. The
external low-pass filter is necessary to suppress the

transmission in beyond the cut-off frequency.
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(b) Spectra of blackbody radiation by the simulation and experiment

Fig. 5 The comparison of simulation results and
measurement results
2.3 Sources of errors in calibration

In the current calibration setup as shown in Fig.
1, there are three sources of errors which can be
further reduced. The first is the uncertainty induced by
[15-16]

the THz absorption by water vapor The error

comes from the fact that the humidity varies with time
in the laboratory and the inaccuracy of the AM
program. The second source is from the uncertainty in
spectral transmission coefficient of the LPF@LT. The
actual transmittance has been proven to be inconsistent
with the data provided by the vendor (IR Labs Inc.).
Although we have inserted an extra LPF@ RT in the
optical path, the overall transmittance may be
inaccurate. The last source of error comes from the
temperature variation on the chopper blade. In the
calibration, the temperature of the chopper blade was
taken as the room temperature. Although the aperture
#1 is implemented to reduce the direct heating of the
chopper blade by the nearby blackbody source, the
temperature of the chopper blade may be slightly higher
than the room temperature and it is difficult to be
measured accurately. The variations of the above
mentioned sources in current setup and the induced
error in the responsivity are listed in Table 2. The
relative responsivity error can be written as 8=AR,/R,
=—AP/P, where P=Pys— P,cand AP is the absolute
error of power. Both the ambient humidity and the
temperature of the chopper blade introduce significant
error in the responsivity calibration. It is shown in
Table 2 that the maximum error comes from the

blackbody emission from the chopper blade.

Table 2 List of error sources and the induced errors in responsivity calibration

Procedures Source of errors Uncertainty Responsivity error
VD Humidity 47%+5% —5.3%~4.6%
Chopper temperature 27.8+3.0C —6.8%
VT Humidity A7% 5% —5.5%~4.9%
Chopper temperature 27.84+3.0C —6.6%
Transmittance of 0.3% 0.5%

LPF@LT#2

To reduce the errors, the calibration setup can be
improved according to the above mention deficiencies.
By filling the optical path with nitrogen gas would allow
to minimize and neglect the THz absorption by water
vapor. In the optical path at room temperature, insert a
low-pass filter with calibrated transmittance and its cut-
off frequency lower than that of LPF @ LT # 2 to
regulate the blackbody spectrum sensed by the silicon
bolometer. To minimize the error introduced by the
blackbody emission from the rotating chopper blade,
the chopper blade has to be placed as further as possible
away from the silicon bolometer and the size of the

aperture # 2 has to be minimized. A good approach to

reduce the amount of blackbody emission from the
chopper blade is to collect the blackbody emission from
the blackbody source by using a pair of confocal OAPs
and place the chopper blade at the focal point. The solid
angle of the blackbody source seen by the silicon
bolometer needs to be recalculated. It has to be noted
that the effect of the temperature on the chopper blade
can be neglected when the calibration procedures are
applied to a broadband THz detector operated at room

temperature.

3 Conclusion

In conclusion, a silicon bolometer is calibrated in

the THz frequency range based on a line-of-sight
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calibration setup with a standard blackbody source.

The obtained responsivity is verified by using a
calibrated terahertz power meter and a single frequency
continuous-wave THz source. Two procedures together
with the corresponding simulation programs are carried
out by varying the blackbody temperature and the
distance to obtain a consistent
The

implemented in a Fourier-transform spectrometer for

source-detector

responsivity. calibrated silicon bolometer is

double checking the spectral transmittance of both the
air column and the low-pass filter in the optical path.
The humidity variation, the transmittance uncertainty
of the low-pass filter and the uncertainty in chopper

temperature are identified as the main sources of

calibration error. The corresponding solutions to reduce

the error are proposed. The method reported in the

work would become a standard calibration procedure for

THz pyroelectric detectors, THz microbolometers and

other types of broadband THz detectors in general.
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