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Normal incidence transmission of germanium at 20, 80, 200, and 300 K is reported for wave numbers between
500 and 6700 ¢cm ~! (about 1.5 to 20 pm). The absolute transmission in the 1000 to 4000 cm -1 region, in the
absorption edge region near 6700 cm ~!, and in the lattice band region (500 to 800 cm ~') was found to be
temperature sensitive. At the cryogenic temperatures 20 and 80 K, the germanium window was employed as a
substrate for the transmission study of thin solid films of NH;, CO,, CO, CH,, and HCI. The spectral interval
covered in the thin film study was 630 to 3700 cm -1, Degradation in the transmission of a cryocooled window
contaminated by these condensed gases was measured and the complex refractive index extracied from the

transmission versus film thickness data for 80 K solid NH;.

Introduction

N order to achieve maximum detectability at long infrared

(IR) wavelengths, an IR radiometer inherently employs
cryogenically cooled optical components to minimize the
thermal background photons. Cryogenically cooling all
optical components such as filters, windows, mirrors, etc.,
within the field of view of the high D-star detector presents
major design and operation problems. Appended to
mechanical alignment problems are basic optical charac-
teristic changes associated with cryocooling, the principal
ones being degradation of reflection or transmission of op-
tical surfaces by cryopumped gases and changes in bulk
complex refractive index with temperature. Experimental
programs have been conducted to obtain baseline data on
mirror reflectance degradation by cryopumped gases';
however, data on transmission components are rather sparce.
Since most transmitting components are dielectrics or
semiconductors, the temperature sensitivity of their bulk
complex refractive index can alter the optical characteristics
of a sensor. Thus, not only is cryocontamination a problem
when cooling transmission optics, but fundamental changes in
- absolute transmission, in absorption edge wavelength
location, and in bandpass location for interference filters can
be expected with cryocooling.

This paper reports the changes in absolute transmission
characteristics of intrinsic germanium with cooling to 20 K
and also the transmission of 80 to 20 K germanium with thin
solid films of NH;, CO,, CO, CH,, and HCI. The infrared
spectral region studied for uncoated germanium was 500 to
6700 cm ~} wave numbers (about 1.5 to 20 um wavelengths)
and 630 to 3700 ¢m ~' wave numbers for the thin films.
Germanium was chosen as a substrate since it has the com-
bination of an absorption edge at 6700 cm ~!, a flat trans-
mission of 47% between 1000 and 4000 cm ~!, and lattice
absorption bands between 500 and 800 cm ~!. Furthermore, it
is one of the most commonly employed substrates for
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cryocooled optical components because of its higher thermal
conductivity compared to other infrared materials {except
silicon). High thermal conductivity is desirable since all
transmission components must be passively cooled. Complete
experimental details have been given elsewhere?; thus, only a
basic outline of the apparatus is presented here. The absolute
transmission of 300, 200, 80, and 20 K germanium is first
discussed followed by transmission data of 80 and 20 K
germanium with thin solid films of NH;, CO,, CO, CH,, and
HC1 ranging in thickness up to 5 um. Finally, a theoretical
model of window plus film transmission is derived and is
subsequently employed with the experimental results to
determine the complex refractive index of the thin film; NH;
was used as an example. The subtractive Kramers-Kronig
treatment for calculation of the film real refractive index has
also been employed, and results are compared to those of the
film-window model.

Instrumentation

A plan view schematic of the experimental apparatus,
showing the IR interferometer (Digilab Model FTS-14), the
high vacuum chamber containing the cryocooled window, and
the IR source location is given in Fig. 1. The chamber is an all
stainless steel cell equipped with a liquid-nitrogen (LN,)-

1. Infrared source and collimator mirror.

2. Stainless stee! high vacuum chamber, 8 cm tall by 70 cm diameter
(33.5 in. by 27.5 in. diameter).

3. Cryogenically cooled infrared window; usualiy germanium, 4 mm
thick by 70 mm square (0. 158 in, by 2.76 in.),

4, Helium-neon laser (0. 6328 um) beam (one of two shown) employed

to measure cryofilm thickness.

. Infrared beam, 38 mm diameter (1.5 in.).

. 1 mw He-Ne laser.

. Michelson interferometer and pyroelectric detector.
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Fig. 1 Plan view schematic of the infrared optical transmission
chamber (IROTC) with FTS-14 interferometer-spectrometer.
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Infrared beam, 38-mm diameter (1.51in.).

2. Optical stop required to underfill cryocooled window with infrared beam.
Also this stop is supported by a 3-in. -ID pipe that prevents gas added to
chamber from cryopumping on rear of window.

. Aluminum holder with cryogenic passageways.

I nfrared window heat sunk with an indium gasket to the aluminum

holder.

5. Cover plate.

6. Gaseous helium or liquid nitrogen inlet and outlet.

7. Crosshatched area illustrates area of window heat sunk to holder. Clear

diameter is 50.7 mm (2 in.} while infrared beam diameter is 38 mm (1.5 in.).
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Fig. 2 Pian and elevation view of cryogenically cooled window
holder.

cooled liner. A water vapor free vacuum of 10 =% Torr can be
routinely obtained. The aluminum germanium window holder
can be actively cooled with either LN, (80 K) or gaseous He
(20 K), and, if no cryogen is employed, the holder will
equilibrate with the LN, liner at 200 Kin 12 h. Three platinum
thermistors located on the window holder (see Fig. 2) gave
temperature readouts accurate to 0.5 K. Important
specifications on the germanium window (purchased com-
mercially) were 1) material: intrinsic germanium of specific
resistivity greater than 40 ohm-cm, 2) surface figure: ¥4 wave
in the visible, 3) surface quality: 40-20 scratch-dig, 4) wedge:
less than 5 arc min, 5) coating: none.

Care was taken to assure that the germanium window
holder did not act as an optical stop in any manner by locating
a stop in the ‘“‘back-of-window’’ gas baffle. This stop was
1.50 in. in diameter, and the clear aperture of the germanium
was 2.0 in. in diameter. The radiometric absolute accuracy of
the transmission arrangement was evaluated by measuring the
transmission 7 of 300 K germanium, which should transmit
near 47% at 2000 cm ~! since the refractive index n, of
germanium at that wave number is 4.015 and, hence,

T=2n,/(nl+1) =0.4690 %)

A typical room-temperature transmission measurement of
germanium is shown In Fig. 3. Data recorded using a Perkin-
Elmer prism IR spectrometer, with 1% spectral resolution,
are also shown in the figure. In addition, the prism spec-
trometer was employed to obtain data for wavelengths from
2.5 um to the absorption edge near 1.5 um (not shown in Fig.
3). The two different spectrometer systems gave transmission
values for the germanium window in the wave number region
between 1500 and 3000 cm ~! that agreed to within 0.5% with
calculated transmission values based on accurate real
refractive index values. This agreement was used as the basis
for absolute transmission accuracy of the apparatus. Outside
the foregoing wave number region the signal-to-noise ratio
was employed as an accuracy limit, e.g., 1% at 3000 and
1000 cm ~'; 2% at 3400 cm ~'; +3% at 3700 and below 600
cm 1,

The spectral resolution of the interferometer system could
be selected between 16 and 0.5 cm ~!, but 2 cm ~! resolution
was found to be sufficient for all work reported herein. The
wave number accuracy of the interferometer is near 0.02
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Fig. 3 Transmission of 300 K germanium window; the prism
spectrometer data are compared with the interferometer data.
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Fig. 4 Gasinduction system.

cm~!. Transmission measurements were performed by
rotating the germanium out of the beam and recording and
storing a reference power spectrum. Next, the window was
rotated into the beam and the process repeated. The reference
file was then divided into the sample file and plotted on a
linear ordinate scale of 0-100% transmission.

Controlled contamination of the cryocooled germanium
window was accomplished with the gas induction system
shown schematically in Fig. 4. A toroidal-shaped header with
thirty-six 1/32-in.-diam orifices spaced 10-deg apart directed
the gas toward the germanium window. Gas was prevented
from condensing on the back of the germanium window by a
gas baffle positioned close to the back of the window holder.
The gas induction system, although quite simple, worked well
in that the deposition rate could be easily controlled and the
final thin-film thickness was very uniform across the 2-in.-
diam exposed window area. The film uniformity was judged
by observing the film in the visible when the thickness
corresponded to first-order interference. Color uniformity
across the window indicated a thickness uniformity of 0.05
wm or better. Film uniformity and absolute thickness are two
important parameters, since one objective of the experiment
was to determine the complex refractive index of the thin film,
a quantity derived by comparison of experimental trans-
mission vs thickness data with a theoretical model. Any error
in absolute film thickness is directly introduced into the film
complex refractive index results. A dual-angle laser beam
technique® was employed to measure the film thickness and
also the film refractive index at 0.6328 pm. Basically, two He-
Ne laser beams are specularly reflected off the germanium
window for two different incidence angles, each measured to
an accuracy, of 15 arc min. As the gas is condensed, two in-
terference patterns of different periods are monitored in the
reflected laser light, If the ratio of pattern periods is termed 3
then the refractive index of the film is given by

n=[sin?9,—B2sin?0,1 2/ [1—-p211? s

where 8, and 6, are the two laser beam incidence angles. Once
n has been established, the thickness d, of the film is readily
calculated from mA=2nd,, where m is the order of the in-
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Fig. 5 Transmission of 4-mm-thick germanium window as a func-
tion of temperature; these data were recorded with prism spec-
trometer.

terference maxima for incidence angle §, =0 deg. The dual
laser beam thickness monitor yielded thin-film refractive
index values accurate to within 2%, e.g., n=1.42 +0.02 for
80 K NH;, and in good agreement with the results of Seiber et
al.* and Viehman.® The percent error in film thickness is
numerically equal to that of the refractive index n, since
SA/A=0for A=0.6328 um.

Results

The transmission of the clean germanium was first
measured as a function of temperature. For this measurement
the prism spectrometer was employed, since data for the near
IR could be obtained, i.e., the absorption edge near 1.5 um.
The measured transmission of 300, 200, 80, and 20 K ger-
manium is shown in Fig. 5. There was an insignificant dif-
ference in the 20 and 80 K transmission but a substantial
difference in the 300, 200, and 80 K data. Three basic changes
in transmission signature are noted with temperature: 1) the
absorption edge shifts to shorter wavelengths, about 0.2 um
for the 220 K temperature decrease, 2) the absolute trans-
mission increases slightly in the 2- to 10-um range and con-
siderably in the 10- to 20-um range because of the reduction of
lattice vibration strength with cryocooling, and 3) the band
centers of the far IR lattice bands shift toward shorter
wavelengths, an expected result.®

With the transmission of the clean uncoated germanium
established, the thin films condensed on the window were
studied in transmission. For these measurements the in-
terferometer was employed. Table 1 summarizes the gases and
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Fig. 6 Infrared transmission spectra of solid NH; on a germanium
substrate: a) metastable 1 phase, deposition temperature 80 K,
thickness 5.01 pm, b) amorphous phase, deposition temperature 20 K,
thickness 2.12 um, ¢) metastable II phase, temperature cycled 20 to
100 to 29 K, estimated thickness 2.0 pm.

important operating parameters, e.g., substrate temperature,
film refractive index at 0.6328 um, linear growth rate, etc.,
used in this study. Other references for the film refractive
index at 0.6328 um are also included in Table 1 for com-
parison. The thin-film spectra were recorded by depositing a
specific gas until the first order of interference for the near
normal incidence laser beam was obtained, at which time the
flow was valved off and the film-window transmission
measured. This procedure was repeated at each successive
interference maximum until spectra for at least 10 film
thicknesses had been recorded.

80 and 20 K NH;,

Transmission spectra for 23 successively thicker 80 K solid
NH; films and for the 20 K films were recorded. Also, several
20 K films were temperature cycled to 100 K during some
experiments. The spectra of the films for each condition are
shown in Fig. 6. The absolute thickness of the solid NH; film
is given in the figure caption. Assignments of the fun-
damental, overtone, and combination frequencies of cubic
crystalline NH; has been reported by Reding and Hornig.’

Table 1 Growth conditions for solid gases studied

Equilibrium
Inlet Background vapor
Refractive Linear  pressure pressure pressure, Grade
Substrate indexat  growth (MKS during Torr, at of
temp., He-Ne rate, Baratron), deposition, substrate gas
Solid gas K 0.6328 um pm/min  um Hg Torr temp. employed
NH; 2 80 1.42+0.02  1.60 600 3Ix10-7  6x10~!' Uitrahigh
pure, 99.999%
NH, 2 20 1.42+0.02 2.80 600 4x 1077 <1013 Ultrahigh
pure, 99.999%
NH,®  30-60 1.38+0.02
CO,? 80 1.42+0.02 1.85 500 1x10°%  8x10-% Coleman
grade, 99.999%
CO,? 20 1.42+0.02 1.85 500 1x10-6 <10~  Coleman
grade, 99.999%
CO,% 24,77 1.34+0.06 '
CO,¢ 82 1.42£0.06 1.3 High purity, 99.98%
Co, 1 77 1.41
CcO 20 1.22+0.02  1.04 500 4x10-%  Sx10-13 Ultrahigh
pure, 99.8%
CH, 20 1.38£0.02  4.13 150 sx10-7 <10~ Instrument
grade, 99.7%
HCl 20 1.30 500 3Ix1077 <10~13  Electronic

grade, 99.99%

3From this study. PFrom Ref. 1. “From Ref. 4. 9From Ref. 5.
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More recently Wolff et al.® reinvestigated the infrared spectra
of crystalline NH;, NH,D, ND,H, and NH; (deposition
temperature of 113 K) and concluded that the v, and 2», could
not be assigned to the 3291 and 3213 cm ~! frequencies, but
that both vibrations contribute to the observed frequencies.
Staats and Morgan® have discussed the possible crystalline
phase of solid NH, deposited at different substrate tem-
peratures and deposition rates. Staats and Morgan re-
examined the infrared spectrum of solid NH; after the X-ray
diffraction study of solid NH; reported by Mauer and Mc-
Murdie!® gave evidence of two metastable low-temperature
phases. Staats and Morgan found that solid NH; can exhibit
two metastable phases as well as the cubic structured phase;
their deposition temperatures were 77 K for metastable IT, 112
K for metastable I, and 150 K (or 77 K warmed to 150 K) for
cubic NH,. The phase or crystalline structure is quite im-
portant with regard to optical transmission degradation: a
clear nonscattering crystalline cryofilm would only degrade
transmission of an optical component near the fundamental,
combination, and overtone bands, whereas a metastable or an
amorphous cryofilm could with changes in temperature
transform to a highly scattering cryofilm.

In this study three different phases of solid NH, were
observed and will be classified based on the X-ray data of
Mauer and McMurdie and the infrared spectra of Staats and
Morgan. The 80 K NH; is believed to be a metastable I phase,
the 20 K NH; an amorphous phase, and the 20 K NH;
warmed to 100 K and recooled to 20 K a metastable II phase
(see Fig. 6). A cubic phase, obtained by deposition above 140
K (a conclusion from the X-ray data) could not be observed,
since this temperature is above the LN, chamber liner tem-
perature and all the gas admitted into the chamber would
condense on the liner, not an optical component, at 140 K.
The 20 K spectrum of Fig. 6b is undoubtedly that of an
amorphous film since the lattice band (v;) at 530 cm ! is not
present. Also, the fundamental bands are broad, 100 ¢m ~!
full width half maximum (FWHM) for the », band, compared
to the 80 K NH, v, band, 25 ¢cm ~' FWHM, a characteristic of
an amorphous solid. The assignment of the metastable II
phase to the temperature cycled NH, film is consistent with
that of Staats and Morgan. No crystalline structure has been
assigned to this phase and it is possible that this film was a
mixture of phases. Also, an assignment of a vibrational mode
for the feature at 1090 cm ~! has not been made (see Fig. 6¢).
The 1060 ¢cm ~' is the », symmetric deformation, as was
evident in the 80 K deposit, and the 1090 cm ~! may well be
this same deformation but for a different crystalline structure.
Staats and Morgan also observed this behavior for 77 K
deposits grown from a 160 K NH,; source. This growth
condition is similar to the history of our temperature cycled 20
K deposit since gas released during warmup is recondensed to
some extent after recooling to 20 K but is of a much lower
(unknown) ambient temperature than the original source
temperature. The indication is that the source temperature
may govern the deposit phase to a significant extent.

In all cases the 20 K NH,; films were cloudy or milky in
visible light compared to the very clear 80 K films. This is the
primary reason why only ten 20 K film thicknesses were
obtainable since the He-Ne laser interference pattern dropped
in amplitude because of scattering by the film as the film
thickness reached the order of 2 um. The effect on infrared
transmission of the 20 K scattering film is evident in Fig. 6b
since the peak transmission should be close to 60% in
nonabsorbing regions, as was the case for the thinner
deposits; however, only values up to 50% transmission are
seen. This is a 10% loss in transmission attributable to
scattering for infrared wavelengths in a 2-um thick film,
whereas in visible light the polished geranium window could
not be distinguished because of much greater scattering. The
degradation in transmission of a cryofilm contaminated
window is thus due to scattering and molecular band ab-
sorption. The presence of an infrared inactive film would only
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Fig. 7 Infrared transmission spectra of solid CQ, on a germanium
substrate: a) deposition temperature 80 K, thickness 0.11 pm (the
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Fig. 8 Infrared transmission spectrum of 5.057-um-solid CO on a 20
K germanium substrate.

cause an increase or no change in transmission since it acts as
an antireflection coating. This effect is clear in Fig. 6a near
2500cm 1.

80and 20K CO,

All solid 80 and 20 K CO, films had a cloudy appearance in
visible light. The infrared spectra of 80 and 20 K CO, films
are shown in Fig. 7. The absorption bands for solid CO, are
given in Fig. 7b and are responsible for the major trans-
mission degradation in the thinner films. The channel
spectrum alters the window transmission to a significant
extent only as the film becomes thicker, i.e., greater than 0.5
um. Since the refractive index for 20 K CO, at 0.6328 um
could not be accurately measured with the dual laser beam
technique because of severe scattering, the value employed
was 1.42, the same as 80 K CO,. Although the infrared
spectra of 20 K and 80 K CO, are quite similar, indicating
similar IR refractive indices, there could be errors in the
absolute thickness of the 20 K CO, films of up to 12%. Both
the 20 and 80 K CO, films were temperature cycled, 20 K up
to 50 K and 80 K up to 100 K, and no phase transition was
detected based on the infrared signature. It is thus believed
that the cubic structure persists for all deposition tem-
peratures above 20 K.

20K CO i

Carbon monoxide had to be deposited at the lower tem-
peratures because of its high equilibrium vapor pressure at 80
K. The CO films were nonscattering, and thus a total of 25
different film thicknesses were deposited and infrared spectra
recorded. The refractive index of 20 K CO at 0.6328 um was
found to be 1.22 +0.02. A typical transmission spectrum of a
solid CO film (5.057-um thick) is shown in Fig. 8, from which
it is clear that the fundamental stretching mode v, at 2138
cm ~ ! is the main absorption feature; the bands at 2345.2 and
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Fig. 9 Infrared transmission spectra of solid CH, on a germanium
substrate: a) deposition temperature 20 K, thickness 5.04 pm, b)
temperature cycled 20 to 50 to 20 K, estimated thickness 9 pm.
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Fig. 10 Transmission of 0.3-pum-solid HC1 on a 20 K germanium
window.

660 cm ~! are a result of CO, impurity in the CO source. The
weak features at 2088 and 2093 cm ~! are due to '>C'#0 and
13C190 isotopes, respectively. The broad absorption at 2212
cm ~! is a fundamental plus lattice mode similar to the
v; + lattice band in the solid CO, films at 2455 ¢cm ~'. On one
occasion a rather thick (~ 15 um) CO film was warmed to 50
K then recooled to 20 K. No change in the band structure was
observed; thus CO apparently does not undergo a phase
transformation in this temperature range.

20K CH,

Methane can only be studied at the lower temperatures
because of its high vapor pressure at 80 K. The transmission
of a 5-um solid film of 20 K CH, is shown in Fig. 9a. The
measured refractive index at 0.6328 um is 1.38 +0.02, which
compares favorably with the value of 1.30 +0.01 (91 K,
A=0.583 um) from Ref. 11. The two fundamental absorption
bands are indicated in Fig. 9a. Further, the 2»v, (2591 cm ~!)
and the v, +v, (2813 cm ~!) are seen in the thicker deposits,
and again a lattice combination band is evident near 3050
cm ~ !, As the methane was temperature cycled (20 to 50 K) an
interesting phase transformation took place. Figure 9b shows
the infrared spectrum of this temperature cycled CH, (the
thickness is uncertain but is estimated to be 9 um) and it is
clear that the »; and », bands have become much broader, 90
cm ~!' FWHM for v; compared to 20 cm ~! FWHM for the 20
K CH,, and also not as intense. The »,+ v, band has also
become much broader. As the deposit transformed to an as
yet undetermined phase, it became highly scattering as seen in
visible light, and also the near infrared transmission dropped
5% because of scattering. The broad and weak nature of the
v; and v, bands in the new phase CH, are indicative of an
amorphous solid. Thus, it is believed that this phase is a
metastable phase that the CH, solid passes through as it
transforms to an alternate crystalline phase from the 20 K
crystalline phase as the temperature is raised.

20K HC1

The HC1 deposits were generally of the scattering type and
only a few thicknesses were deposited. Since the 0.6328-um
refractive index could not be measured, the thickness of the
HCI film of Fig. 10 is unknown (deposition was stopped at
the second He-Ne interference minimum, thus the film is
probably near 0.3-um thick).
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Optical Constants of Solid Ammonia

In order to extract the complex refractive index (n=n—ik)
of the thin solid film on a thick germanium window from the
transmission vs thickness data, an analytical model of film
plus window transmission was derived. Unlike the thin film, it
is assumed that the germanium window is a thick film and
there is no phase coherence between multiple internal reflected
rays within the window. Moreover, the real part of the ger-
manium complex index 7, is known and given in Ref. 12 as

ng=A+BL+CL?+ DN +EN\* 3)

where N is in um and L= (A?-0.028)"', A4=3.9993],
B=0.391707, C=0.163492, D= —0.000006, E=0.00000053.
This analytical form matches the observed values given in
Ref. 13 to +0.07% for 300 K germanium. We have adjusted
the constant A so that the calculated transmission for 80 K
germanium agreed with the observed values. The geometry
describing the transmission is shown in Fig. 11. For con-
venience the different layers have been subscripted 0, 1, 2, and
3. The model employed to fit the experimental results is for
normal incidence only. The rigorous derivation of the total
external transmission for the model shown in Fig. 11 is given
in Ref. 2; the final result being

T,Ty,e %P 4
1—R,R, e %P @
for an absorbing thin film on an absorbing thick window,
where D=the thickness of the substrate, «, =dmk,/\ is the
absorption coefficient of the substrate, k,=imaginary
component of the complex refractive index of the substrate,
and A is the wavelength in vacuum. T, designates the power
transmission from medium 2 to medium 3, T, designates the
power transmission from medium 0 to medium 2 after un-
dergoing thin film interference in medium 1, R, designates
power reflected at medium 3 incident from medium 2, and
R, designates the power reflection coefficient of radiation
which is incident from medium 2 and is reflected back into
medium 2 after undergoing thin-film interference in medium
1. T,, Ty, R, and R,,, are algebraically complicated ex-
pressions but are explicitly calculable and are given in Ref. 14
in terms of the wavelength and the thin film’s thickness along
with its optical properties as well as those of the substrate.

The 80 K NH; data, 16 different film thicknesses in all,
were chosen to be used in a least-squares determination of the
optical constants of 80 K solid NH;. The transmission data
were digitized every 10 cm ~'. A typical example of the
agreement of the experimental data with the analytical model
is given in Fig. 12 for several wavelengths. The final i=n—ik
found by the least-squares fit is employed in Eq. (4) to
compute the transmission vs thickness curve. Similar excellent
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Fig. 12 Comparison of theory and data for 80 K solid NH; for three
different wavelengths; complex refractive indices of 80 K solid NH;
employed in the analytical model are given in the figure.

agreement was the case for all wave numbers between 700 and
3700 cm ~' even in the regions of absorption fundamentals.
a, in Eq. (4) was taken to be zero (nonabsorbing substrate)
for all computations of 7 and 7 for 80 K solid NH;. The
values of 7 for all wave numbers are plotted in Fig. 13 and
listed in Table 2. These results are in good agreement with the
recently published values of 188 K NH, by Robertson et al. !’
with the exception that the maximum and minimum values of
n in the absorption bands are higher and lower, respectively,
indicating a better spectral resolution in our data and also
possibly a breakdown in accuracy of the Kramers-Kronig
techniques, employed by Robertson et al., near the absorption
frequencies. In Fig. 13b the dashed line represents the
minimum imaginary refractive index values that can be
determined due to the error limits on the film-window
transmission measurements.

Finally, because of its simplicity, the subtractive Kramers-
Kronig!’® relation between n and k was used in comparison
with the least-squares determination of n. The subtractive
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Kramers-Kronig relation is given by
2 *rk(v’ v’ —k(v)v
cntrgy 4 2P| TTECO k)
nr)=nivy) T Jo ()2 ~v?
k(v’)v’—-k(v,,,)u,,,]
- dv’ 5
(V/)z_vlzn 4 (-')

where »,, is a reference frequency, 2500 cm ~! in this work,
and P indicates the Cauchy principal value of the integral.
The integral was evaluated by the simple trapezoidal rule. The
k(v' ) values used in Eq. (5) are those listed in Table 2.
Shown in Fig. 13 is a comparison between the least-squares
and subtractive Kramers-Kronig determination of n. The 80 K
NH, data are in excellent agreement between the two
techniques. The subtractive Kramers-Kronig results are only
shown for comparison purposes; the least-squares deter-
mination of # and k& is believed to be accurate as is borne out
by the agreement between theory and data.

Summary

The infrared transmission of cryocooled germanium with
and without thin films of condensed gases has been deter-
mined. Temperatures of the substrate were 80 and 20 K, and
the gases condensed were NH,;, CO,, CO, CH,, and HCI.
The effects of cryocooling germanium were established from
the near-infrared absorption edge to the 20-um lattice bands.
For all of the condensed gases studied the infrared spectrum
was measured as a function of thickness; the effect of tem-
perature cycling was established; the phase transitions, if they
existed, were noted; and the scattering nature of the con-
densed gases was qualitatively discussed. For 80 K solid NH,
the complex refractive index was determined by a least-
squares fit of a derived analytical model to the experimental

Table2 Complex refractive index (2=n—ik) of 80 K solid NH,

v,

v,

V)

em~! n(v) k(v) em~! a) k(v) em~'  ap) k(v) em~!' n(w) k(v)
700 1.352 2.02%x10-2 1200 1.318 1.44x 102 1800 1.381 7.18x 104 3000 1.432 <1.0x1076
720 1.363 1.62 1220 1.330 1.33 1820 1.385 1.56x 103 3050 1.435
740 1.384 1.42 1240 1.341 9.75x10 -3 1840 1.387 2.70 3100 1.439
760 1.383 1.56 1260 1.349 6.75 1860 1.389 5.77 3150 1.445
780 1.404 1.62 1280 1.362 5.91 1880 1.388 1.18x 102 3160 1.446 1.77x 10 "3
800 1.414 1.56 1300 1.366 8.88 1900 1.383 1.11 3180 1.453 2.34x103
820 1.428 1.30 1320 1.372 1.04x10 "2 1920 1.383 7.60x10 3 3190 1.454 4.87
840 1.421 1.69 1340 1.378 9.86x 103 1940  1.383 4.27 3200  1.458 1.08x 102
860 1.414 1.85 1360 1.382 1.39x 10 ~2 1960 1.384 2.14 3220 1.457 1.58
880 1.468 9.48x 1073 1380 1.389 1.90 1980 1.388 1.37 3240 1.470 2.16
900 1.494 7.60 1400 1.392 2.85 2000 1.387 6.93x 104 3260 1.463 3.60
920 1.511 6.75 1420 1.383 2.60 2020 1.388 3.19 3280 1.475 5.61
940 1.537 6.32 1440 1.378 2.22 2040 1.391 <1.0x10°% 3300 1.465 5.55
960 1.573 7.81 1460 1.385 1.48 2050 1.391 3320 1.472 4.62
980 1.602 1.18x 102 1480 1.388 1.78 2100 1.394 3340 1.504 4.62
1000 1.650 2.60 1500 1.390 2.28 2150 1.397 3360 1.676 15.8
1010 1.699 2.85 1520 1.392 1.95 2200 1.398 3370 0.981 57.1

1020 1.776 4.16 1540 1.393 1.78 2250 1.400 3380 0.217 57.1

1030 1.899 5.48 1560 1.394 1.85 2300 1.401 3390 1.103 3.23

1040 2.119 11.7 1580 1.395 3.25 2350 1.405 3400 1.229 7.78 10 73
1050 2.400 55.5 1600 1.395 4.44 2400 1.405 3410 1.275 3.70

1060 1.041 269.0 1620 1.387 4.49 2450 1.409 3420 1.299 2.22

1070 0.292 123.0 1640 1.375 5.07 2500 1.413 3440 1.328 2.02

1080 0.513 30.2 1650 1.375 6.08 2550 1.415 3460 1.341 1.71

1090 0.947 11.8 1660 1.344 1.89 2600 1.417 3480 1.348 2.22

1100 1.001 7.21 1670 1.353 3.43x10 3 2650 1.418 3500 1.354 1.67

1110 1.048 4.88 1680 1.356 5.96x 104 2700 1.417 3520 1.360 2.37

1120 1.120 3.34 1690 1.363 1.00 2750 1.419 3540 1.356 2.02

1130 1.175 2.31 1700 1.368 1.72 2800 1.421 3560 1.373 < 1.0x10-%
1140 1.212 2.37 1720 1.370 3.02 2850 1.422 3600 1.385

1150 1.239 1.77 1740 1.376 7.04 2900 1.425 3650 1.389

1160 1.262 1.89 1760 1.376 6.15 2950 1.429 3700 1.387

1180 1.294 1.62 1780 1.378 9.74
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Fig. 13 Complex refractive index for 80 K solid NH;: a) real
component, b) imaginary component.

data. The 7 values of 80 K NH; for 700 to 3700 cm ~! wave
numbers are believed to be the most accurate values to date.
The complex refractive indices of solid CO,, CO, CH,, H,O0,
0,, and N, will be reported in a later publication.
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