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An Apparatus for Infrared Transmittance and
Reflectance Measurements at Cryogenic Temperatures
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A facility for measuring the optical properties of solid materials at cryogenic
temperatures is being developed at the National Institute of Standards and
Technology. A cryostat that houses four bolometric detectors and a six-position
sample holder was designed and built. The bolometers operate near 5 K, and
the sample temperature can be varied from 6 to 100 K. The beam from a
Fourier transform spectrometer is directed to the cryostat by reflective optical
components. The measurable wavelengths extend from 1 gm to 1 mm, with
appropriate sources and beamsplitters in the spectrometer as well as windows
and detectors in the cryostat. The angle of incidence on the sample ranges from
7.5 to 60°. The mechanical, electrical, and optical designs are described in this
paper. Initial measurement results at wavelengths from 2 to 30 #m and a sample
temperature of 10 K are presented.
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1. INTRODUCTION

Studies of the infrared properties of materials at cryogenic temperatures are
important to understanding the physical properties of novel materials
[1-5], characterizing optical filters [6], and developing cryogenic radio-
meters [ 7, 8]. Measurements at cryogenic temperatures are difficult because
of a combination of optical, electrical, mechanical, and thermal constraints.
We have designed a unique cryogenic optical apparatus for measuring
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spectral transmittance and reflectance at wavelengths from 1 gm to 1 mm
and for sample temperatures from 6 to 100 K. It is used together with a
commercial rapid-scan Fourier transform spectrometer. This paper describes
the cryogenic optical apparatus, the detector electronics, and the optical
arrangements between the spectrometer and the cryostat. Initial test results
are presented and methods to improve the measurement accuracy are
discussed.

2. THE CRYOGENIC OPTICAL APPARATUS

The custom-designed cryostat, built by Infrared Laboratories, Inc.,’ is
shown in Fig. 1. It consists of a liquid-nitrogen container, a liquid-helium
container, and a test chamber surrounded by radiation shields. The radia-
tion shields are covered with aluminum foils except for the inner surface
of the helium-temperature shield, which is black anodized to absorb the
stray scattered radiation. The outside dimensions of the cryostat are
approximately 60 cm in height and 30 cm in diameter. The volume of the
liquid helium container is about 6 L. The hold time for liquid helium is
~18 h. A six-position sample wheel, located at the center of the test
chamber, can be tilted to vary the angle of incidence from 7.5 to 60° and
rotated to change samples. Two wedged input windows are installed on the
cryostat: a KRS-5 window for the wavelength range from 1 to 30 4m and
a polyethylene window for the wavelength range from 30 #m to 1 mm. The
wedging reduces interference effects, which is especially important for the
far-infrared measurements. Four composite silicon bolometers are mounted
in a 2x2 array assembly. Compound parabolic concentrators are used to
collect incident radiation onto the bolometer absorbing elements. Each
bolometer is designed for use in a specific wavelength range which is
partially determined by a cold filter located at the front of its concentrator.
The detector assembly can be rotated around the sample wheel to measure
transmittance and directional reflectance. Four silicon diodes are used to
monitor the temperature at different locations inside the cryostat. The tem-
perature sensors are affixed to the detector mount, sample wheel stage,
sample wheel, and one of the samples. They have been calibrated to within
an uncertainty of 30 mK (expanded uncertainty with coverage factor of
2 is used in this paper). A heater and a temperature controller are used
to control the temperature of the sample wheel to within +50 mK of a

3 Trade names and company products mentioned in the text or identified in an illustration are
used only to adequately specify the experimental procedure and equipment used. In no case
does such identification imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the products are necessarily the best
available for the purpose. '
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Fig. 1. Schematic diagram of the cryogenic optical apparatus.

Table I. Detector, Cold Filter, Window, Source, and Beamsplitter Configurations for
Different Wavelength Regions

Cryostat Spectrometer
Wavelength Detector
region (#m)  No. Cold filter Window Source Beamsplitter
1-3 ) ZnSe KRS-5 Tungsten halogen  Quartz
2-19 Globar KBr
15-30 2 CdTe (w/ coating) KRS-5 Globar 3-um Mylar
30-100 3 Sapphire (w/ coating) Polyethylene Globar 6-um Mylar
;gg:?ggo 4 Quartz (w/ coating) Polyethylene Mercury arc 25-um Mylar

50-um Mylar
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selected temperature. A heat switch, shown in Fig. 1, is used to vary the
contact thermal resistance between the sample wheel stage and the liquid-
helium reservoir. Infrared radiation comes from a Bomem DA-3 Fourier
transform spectrometer. The output spectral range is determined by the
source and beamsplitter of the spectrometer. Table I lists the configurations
for different wavelength regions. The novelty of this apparatus lies in the
integration of sample holder and detectors in a single cryostat, the
capability of both transmittance and directional reflectance measurements,
and the wide wavelength and temperature ranges.

3. THE SILICON BOLOMETERS

A bolometer measures radiant power by detecting the induced tem-
perature change. It is based on the temperature dependence of electrical
resistance of certain materials, such as semiconductors and superconduc-
tors [9, 10]. In this work, four custom-designed silicon bolometers are
employed. The resistive elements are made of doped-silicon crystals
(approximate dimensions: 0.4 x 0.4 x 0.3 mm). The Si crystal is attached to
a diamond disk (2.5 mm in diameter and 100 gm thick). A Bi coating is
deposited on the back of the diamond substrate for each bolometer to
increase its absorptance [ 11]. Gold-coated concentrators are used to focus
the radiation onto the detector elements. The electrical leads are made of
copper wires, which also serve as thermal links between the detector element
and the heat sink (i.e., the detector mount). The four bolometers are essen-
tially the same, except that the diameter of the Cu leads is 125 um for
detector 1 and 75 um for the others. Therefore, the thermal conductance
between the sensing element and the heat sink for detector No. 1 is greater
than that for the others. This improves its speed at the price of a reduced
responsivity. A fast response is required for detector 1 since it is used for
the shortest wavelength region (1 <A< 19 um), which corresponds to the
highest-modulation-frequency region for a fast-scan Fourier transform
spectrometer.

The electronic diagram of a bolometer is shown in Fig. 2. The bolometer
and the load resistor are near the liquid-helium temperature. The ac pream-
plifier operates at room temperature. The junction field effect transistors
(JFET) are mounted on the cold modules inside the cryostat (see Fig. 1).
The cold modules were maintained near 70 K using electrical heating
(power dissipation, <1 mW). The input impedance of the JFET is greater
than 10'2Q. The bolometer equations are [12, 13]

Ibias= Vbias/(RL+RB) (1)
Vs=IbiasRB * (2)
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For 4Ry <(Ry + Rp), the signal voltage is

_ ARBRL Vbias

AVs_ 2
(R + Ryp)*

(3)

which is proportional to the resistance change of the bolometer. The
resistance change is related to the temperature change. Using a simple ther-
mal model described by Putley [9], it can be shown that the change of
amplitude of temperature is

axAdP

= G+ i)

4)

where a is the absorptance, 4 P is the amplitude of the radiant power reaching
the detector, w is the modulation frequency, G is the effective thermal
conductance, and t is the thermal time constant. The responsivity, S=
AV, /AP, of a bolometer is

S ® Ry Veias dRy
" G(1 +@?t?)'"? (R + Rg)* dT

(5)

Ry and dRg/dT are functions of the operating temperature of the bolometer,
which is higher than the temperature of the heat sink due to the bias
current, background radiation, and the incident radiation. The time con-
stant of the silicon bolometers used in this work is a few milliseconds.

Vblas
v, ac Preamplifier| V,.
JFET = 500x or 1000x
lbias
y 3
GROUND

Fig. 2. Electronic scheme of a bolometer. JFET—
junction field effect transistor; Iy;,,—bias current;
Rp—bolometer resistance; Ry —load resistor; ¥pe—
bias voltage; V,.—ac output voltage; Vy.—dc output
voltage; V,—bolometer voltage.
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When the heat sink temperature is near 5 K, the bolometer responsivity for
electrical power, estimated from the load curve [14], is ~10° V. W~! with
Ii.s 2 pA. The noise equivalent power of the bolometers (NEP) is
measured to be ~10~'> W.Hz =" at 80 Hz using a spectrum analyzer. As
the temperature increases, the responsivity decreases and the NEP increases.
At a temperature of 6 K, the responsivity decreases by almost an order of
magnitude. The responsivity is also a function of the modulation frequency.
The infrared beam from the Fourier transform spectrometer is modulated
at a modulation frequency proportional to the optical frequency and the
speed of the moving mirror [ 15]. Hence, the responsivity decreases rapidly
as the wavelength is decreased below a characteristic value corresponding
to the roll-off frequency of the bolometer. The speed of the moving mirror
was chosen to be 0.5 cm-s~! for 2< A <30 um. This corresponds to a
modulation frequency of 2 kHz at A=5 um and 400 Hz at 1 =25 um.

4. THE OPTICAL DESIGN

The beam coming out of the spectrometer is collimated and its
diameter is 75 mm. The clear aperture of the cryostat window and the cold
filters is ~ 12 mm in diameter. Three gold-coated mirrors are used to con-
dition the beam, as shown in Fig. 3. A ray-tracing program was used to
facilitate the design. After a plane mirror, a 90° off-axis paraboloidal mirror
(focal length =75 mm) focuses the beam to one of the focal points of an
ellipsoidal mirror. The sample position is at the other focal point of the
ellipsoidal mirror (the distance between the two focuses of the ellipsoid is

ELLIPSOIDAL DETECTORS)
MIRR$

IRIS

wr
. . SAMPLE

WHEEL

PLANE
MIRROR /
( \ oLo CRYOSTAT
— PARABOLOIDAL
‘I - MIRROR
BEAM FROM PURGE ENCLOSURE
SPECTROMETER

Fig. 3. Schematic diagram of the optical arrangements.
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508 mm). The ellipsoidal mirror is designed such that the reflected beam is
perpendicular to the incident beam at the optical axis.

A 4-mm-diameter iris was placed at the common focus of the para-
boloidal and ellipsoidal mirrors to facilitate the alignment and to eliminate
inter-reflection between the spectrometer and the cryostat window. The
spectrometer is equipped with a visible source and beamsplitter, which was
used for alignment of the mirrors and cryostat. The beam spot size on the
sample is determined by the source aperture of the spectrometer. By energy
conservation, the throughput, which is the product of the projected surface
area and the solid angle, of a beam cannot be increased. The clear aperture
diameter of the window is d~12.5 mm, and the distance between the
sample and the window is L ~ 150 mm. The f-number is L/d ~ 12. Since the
f-number at the source aperture of the spectrometer is 4, the diameter of
the beam spot at the sample should be approximately three times that of
the aperture. Due to the imperfections of the optical components and align-
ment, the actual beam spot is about twice as large as the theoretical value.
The beam spot diameter is ~6 mm at the sample location and ~11 mm at
the window location with a source aperture of | mm in diameter. A He-Ne
laser was used to test the alignment inside the cryostat and the beam
deviation due to the wedged KRS-5 window.

A Plexiglas enclosure was made to cover the coupling optics. CO,-free
dry air was used to purge the spectrometer and the enclosure. The spec-
trometer is sealed with O-rings and can be evacuated down to 100 Pa. For
measurements at A> 100 um, it may be necessary to build an enclosure
that can be evacuated to reduce the residual water vapor absorption.

5. MEASUREMENT RESULTS AND DISCUSSION

We have tested the cryostat performance by using various samples, includ-
ing an interference filter, a silicon wafer, and a copper disk with an aperture.

The detector mount temperature was 5.67 K for transmittance measure-
ments and 5.97 K for reflectance measurements. The detector temperature
varies as the bolometer assembly is moved to different positions in the
cryostat. This may be caused by differences in the thermal contact or radia-
tion background. The temperature of the sample wheel stage was near 6 K,
and the temperatures of the sample and sample wheel remained stable near
10 K without using the temperature controller.

One of the six positions on the sample wheel was left blank for the
transmittance reference measurements. A gold mirror was used as the
reflectance reference sample. It was made by vacuum depositing a gold film
(200 nm thick) on a silicon substrate. The reflectance of gold film is greater
than 0.99 at.low temperatures for 1>2 um [16]. The mirror reflectance is
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Fig. 4. Measured transmittance and reflectance of a copper
disk with a 6-mm-diameter aperture.

taken to be 1. Repeated measurements indicated that the system stability is
at the 1% level. The mechanical repeatability of the sample positions is
almost perfect. The zero-level transmittance was obtained by blocking the
beam with the mirror, and the zero-level reflectance was obtained with the
blank in the sample position. The zero level is <0.0002 in transmittance
and <0.00! in reflectance. At A1>5 um, the peak-to-peak noise level is
<0.002 in transmittance and < 0.005 in reflectance. The above measurements
were made with a 1-mm-diameter source aperture and coadded for 400 scans.
One of the samples is made of a polished copper disk with a 6-mm-
diameter aperture, which is used to examine the beam spot size at the sample
wheel. The radiation comes from both the source and the aperture wall,
which emits and reflects room-temperature radiation. The transmittance
and reflectance spectra of the disk are shown in Fig. 4. At A <5 um, the
transmittance is ~097 and the reflectance is ~0.03, indicating that the
effective beam spot diameter is close to 6 mm. The transmittance goes down
and reflectance goes up with increasing wavelength, indicating that the
beam spot size increases with wavelength. Radiation from the wall of the
source aperture, which is near 300 K, may have influenced the effective
beam spot size at longer wavelengths. The Globar source used in the spec-
trometer operates near 1200 K. The power emitted from a blackbody at
temperature T is given by the Planck distribution function {17]

2nhe®
A3[explhc/kTA) —1]

ep(4, T)= (6)

where A =6.626 x 1073 J .5 is Planck’s constant, k=1.38x 1072 J. K" is
the Boltzmann constant, and ¢=3x 10® m-s™' is the speed of fight in
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vacuum. The ratio of two blackbodies at temperatures of T, (room tem-
perature) and T, (source temperature) is

eo(h T,) _explhc/kT,A)—1 .
ey(A, T.) exp(he/kT,A)—1 (7)

The above equation approaches 0 as A—0, and T,/T, as A— . For
T,=300 K and T, = 1200 K, the ratio is less than 0.001 for A <5 um, 0.02
at A=10 um, and 0.08 at A =20 um. Since the effective area of the wall of
the aperture is much greater than that of its opening, the amount of radia-
tion from the wall of the aperture is large enough to effectively increase the
beam spot size on the sample. The emissivity of the Globar source is
greater than 0.80 {18]. The wall of the aperture emits and reflects room-
temperature radiation. With a DTGS detector, we have blocked the source
aperture using materials of different emissivity. The resulting spectra are
almost-identical. The ratio of the spectrum with the aperture blocked to
that with the aperture open increases at long wavelengths.

A second aperture may be used after the spectrometer (in place of the
iris in Fig. 3) to limit the beam spot size on the sample. The radiation from
the wall of the aperture outside the spectrometer is not modulated and,
therefore, will not contribute to the interferogram. However, the alignment
will be more difficult to achieve. This method needs to be investigated
further. In the following measurements of a Si wafer and an interference
filter, the clear aperture diameter of the sample holder is 18 mm. Therefore,
the infrared beam always underfills the samples.

The transmittance and reflectance of a crystalline silicon wafer
(0.5 mm thick and 25 mm in diameter) measured under different conditions
are shown in Fig. 5. The Si sample is boron doped at a concentration of
1.3-2.2 x 10! atoms-cm ™3, and its electrical resistivity is greater than
60 Q-cm at room temperature. The silicon wafer is used to check the
radiometric accuracy of the measurements since the refractive index of
silicon does not change appreciably with temperature [ 1, 19]. The room-
temperature transmittance of this Si wafer, measured with a DTGS detector,
is shown in Fig. 5a for comparison. A resolution of 8 cm™' was used,
which is greater than the free spectral range, A(1/A)=(2nt) " '~3 cm~,
where #n is the refractive index and ¢ is the thickness of the Si sample.
Hence, the transmittance and reflectance can be predicted using geometric
optics considering multiple internal reflections [20]. In the region where
absorption can be neglected, the transmittance is

2n

TRS:nZ—}-l

(8)
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and the reflectance is REF =1—TRS. The room-temperature transmittance
of the Si wafer (see Fig. 5) at wavelengths between 2 and 6 um agrees with
that calculated from the reported refractive index of silicon within 1%
[21].

At 10 K, with a source aperture diameter of 1 mm, the measured
transmittance is =0.60 and the reflectance is ~0.48 for wavelengths less
than 6 um. The sum of the transmittance and reflectance is greater than 1,
indicating a systematic error in the measurements. The radiometric accuracy
of Fourier transform spectrometry can be affected by detector nonlinearity
and responsivity change. The most prominent signature of nonlinearity is
in the region beyond the long wavelength cutoff, since detector nonlinearity
causes a nonzero response, i.e., nonphysical signal [22]. This did not occur
in the response spectra for both the sample and the reference. The other
mechanism is due to the change in the detector responsivity between the

(a) 065 4 ! 1 ) T
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0.60 | ok : : 1
w gt
O 055F el . ]
z
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= 50| b
5 045 ]
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0.35 || —-© - Detector 2 b

--------- 297 K
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Fig. 5. Measured transmittance and reflectance of a silicon waler.
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sample run and the reference run, which was called nonequivalent detector
responsivity by Flik and Zhang [23]. The responsivity of a bolometer is
given in Eq. (5), where Rz and dR z/dT depend on the operating temperature.
In general, the responsivity increases as temperature decreases. Since the
average power reaching the detector for the sample run is less than that for
the reference run, the responsivity for the sample run is greater than that
for the reference run. This could result in a measured TRS or REF greater
than the actual values. By reducing the power level either using a neutral-
density filter (transmittance =~0.10 in the spectral region of interest) or
using a smaller-diameter source aperture, the measured TRS and REF
decreased as shown in Fig. 5. The reduction is almost a constant factor
independent of wavelength. This is consistent with the mechanism of non-
equivalent detector responsivity [23]. The measured transmittance for
15 <A <30 ym with detector 2 (using a 2.5-mm-diameter source aperture)
overlapped that measured with detector 1 using a 0.5-mm-diameter source
aperture. The change in responsivity is smaller in this case with detector 2
because the cold filter blocked the radiation at 1 <15 um. The disadvan-
tage of reducing the optical power is the decreased signal-to-noise ratio as
seen in Fig. 5. Another method to reduce the effect of nonequivalent detec-
tor responsivity is to increase the bias current. However, the electrical
power applied to the bolometer is only a few microwatts, while the power
of the incident radiation that reaches the bolometer can be several tenths
of a milliwatt. Therefore, the change of responsivity cannot be compensated
by increasing the bias current.

As shown in Fig. 2, both V,. and V,  can be measured. The operating
point (Rg) of the detector is

)

In a different run, the detector mount temperature was 5.74 K. For
bolometer 1 with a source aperture of 1-mm diameter, it was found that
Ry ~ 529 kQ with an interference filter, Ry =~ 487 kQ with the Si wafer, and
Ry =450 kQ with the blank. In the reflectance measurements, the detector
mount temperature was 6.05 K, and Rg =333 k@ with the Si wafer and
Ry =303 kQ with the Au mirror. This indicates that indeed there is a large
change in the operating point of the bolometer due to the incident radia-
tion. In the future, the detector responsivity will be characterized and
corrections will be made to account for the change of responsivity. In a
recent review, Richards [24] discussed methods for characterizing low-
temperature bolometers and compensating for the responsivity change.
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With a 0.5-mm-diameter source aperture, the uncertainty level is estimated
to be 5% including the uncertainty due to the responsivity change.

Absorption due to lattice vibration and interstitial oxygen in the
wavelength region from 6 to 25 um can be seen in Fig. 5. The absorption
band of interstitial oxygen at 9.0 um [25] becomes stronger and narrower
at low temperatures and is shifted to a shorter wavelength at 8.8 yum. The'
fine absorption structure of oxygen absorption bands in Si at low tem-
peratures was discussed by Ryoo et al. [26].

The effect of temperature and angle of incidence on an interference
filter was investigated. The transmittance spectra normalized to the maxi-
mum transmittance are shown in Fig. 6. The normalized transmittance of
this sample at room temperature, measured by Zhang et al. [27], is also
shown. The transmittance band is near 4 ym with a FWHM (full width at
half-maximum) of 0.2 um. The transmission band shifts significantly
toward short wavelengths from room temperature to 10 K (~0.08 um).
The transmission band also shifts with the angle of incidence. At 10 K, it
shifts about —0.02 ym from 0 to 15° and about —0.05 ym from 15 to 30°.
As discussed by Stierwalt [ 6], the wavelength of the transmission band can
shift in either direction due to changes of temperature. The measured result
reinforces the importance of characterizing filters at the same temperature
and angle of incidence as they are used in practice. The maximum trans-
mittance at room temperature is measured to be =~0.9. The measured
maximum transmittance at 10 K is greater than 1, which is also attributed
to a change of the detector responsivity caused by different incident
radiation power.

1 ] 1 I
10} -
[ 0° 1
. osf ——-15%) afdia) | ]
- B 30° Ll _
0 ; L 297 K, 0°
[72) - : . deade .
g 04 i v
L 10K ! i
[ AL
0.0 na

3.6 3.8 4.0 4.2 44 4.6 4.8
WAVELENGTH, 2, um

Fig. 6. Normalized transmittance of an interference filter.
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6. CONCLUSIONS AND FUTURE RESEARCH

A cryogenic optical apparatus was designed, built, and tested with a
Fourier transform spectrometer. Reflective optical components were used
to interface the spectrometer with the cryostat. Transmittance and reflectance
measurements were made for several samples at 10 K and at wavelengths
from 2 to 30 um. Measurements of a copper disk with a 6-mm aperture
demonstrated proper alignment. The beam spot diameter at the sample was
near 6 mm for 4 <5 um with a source aperture of | mm. Radiation from
the standard aperture can increase the beam spot size for 1> 5 zm. Results
from the measured transmittance and reflectance of a silicon wafer
suggested that the responsivity of the detector was not the same for the
sample run as that for the reference run. This could cause an error of a few
percent in the measurements. Reducing the optical power improves the
radiometric accuracy but deteriorates the signal-to-noise ratio. A wave-
length shift of the transmission band has been observed for a bandpass
filter with a bandpass near 4 um.

In the future, the response curves of the bolometers will be measured
and correction methods will be implemented to account for the change of
the detector responsivity with input power. A second aperture between the
paraboloidal mirror and the ellipsoidal mirror will be used as the limiting
aperture to reduce the beam spot size on the sample. A vacuum enclosure
will be designed for longer wavelengths. Methods to reduce the sample
temperature and detector mount temperature will be investigated. This
facility will be applied to measure accurately the radiative properties
of various materials, including infrared filters, black coatings, and high-
temperature superconducting films.
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