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Optical and structure characteristics
of vacuum-deposited layers
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We report results of a complex study of growth rates, refractive indexes, and structure of real cryocrystals of
nitrous oxide as well as light and heavy water. The corresponding experimental setup and the relevant experimental
procedures are described. We demonstrate possibilities of the available experiment-and-computing complex for the
purposes of studying growth kinetics, thermal properties, and structure-morphologic characteristics of real cryocrystal
quench-condensed deposits. A structure transformation from the low-temperature highly amorphized state to the
Pa3 structure has been observed at a temperature near 40 K in nitrogen monoxide. The spectrum of spontaneous
luminescence bursts of freshly prepared N, O samples has been measured. It consists of two main bands in the red and
blue domains of the visible spectral range. Existence of three structural modifications of vacuum condensed water

deposits has been confirmed and their temperature boundaries of existence revised. Our results on heavy water
cryocondensates allowed us to infer ultrapolymorphism in this solid.

Introduction

Traditionally, the main objective of an experimen-
tal investigation on a cryocrystal is to obtain infor-
mation on its properties in the state with the exactly
known and maximally stable structure. Therefore,
much effort is spent to fight and to get rid of the
various unstable or metastable states, which inevi-
tably form in the cryocrystal samples prepared in situ.
At the very least, when such states are short-lived,
they are disregarded. However, of late the demands
of many application, research, and industrial tasks
have invoked a necessity to study the cryocrystals in
their metastable states, whose very instability is con-
trolled by the conditions under which the samples are
prepared. Of course, as usual, the relevant funda-
mental physical facets turned out to be of consider-
able interest in their own right.

. At present, the field of research of thermal and
structure properties of cryocrystals versus the pre-
paration procedure parameters (in particular, the de-
positioh temperature) is still expanding. The work is
mostly of application character, related to the pro-
cesses of heat and mass transfer in space conditions
and in various cryogenic apparatuses. For instance,
what is of acute importance for space station appli-
cations is fo study the process of gas condensation on
surfaces cooled down to liquid-helium temperature,
or specifically, on cooled radiation detectors, on the
elements of optical communication systems, such as
photo sensors, mirrors etc. The solid gas films that
condense on these surfaces considerably affect their
operational characteristics. One of the way to study
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these phenomena is to reproduce space environment
in a laboratory testing setup.

The most important factor that controls the struc-
tural and morphologic state of a condensate is the
deposition temperature. In this connection, of special
importance is to investigate into the temperature de-
pendence of the structure-morphologic characte-
ristics of real cryocrystals. Regretfully, examples of
such direct structure studies are scarce. Usually the
information about structure or/and morphology of
vacuum-deposited as-prepared layers is inferred in-
directly from various physical characteristics such as:

— optical characteristics (reflectance, refractive
index, optical density) in the infrared and visible
ranges (see, e.g., [1-3]);

— thermal characteristics (heat capacity, thermal
conductance, density, condensation index). The ba-
sic results concerning these topics for cryocrystals can
be found in Refs. 4-6;

— various properties of cryocrystal condensates as
cryopumps {7,8].

Obviously, when based on indirect data, infor-
mation concerning the temperature-controlled struc-
ture-morphologic variations in real cryocrystals is
only of qualitative character and cannot constitute a
basis for unambiguous conclusions about specific
structure transitions. However, considering the long
time needed to prepare and the complexity of the
procedures involved in direct structure studies, a
quite reasonable way of obtaining express prelimina-
ry information about cryocrystals seems to be the
investigation of the variations with temperature of
their structure-controlled characteristics. Some of
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them might very well be those listed above. An ulti-
mate aim of this kind could have been the determi-
nation of special points and the corresponding re-
commendations for more detailed structure studies.

Notwithstanding the bare fact that the studies car-
ried out in the Cryophysics Laboratory of the Kazak
State University during the last 10 or 15 years were at
the start predominantly .of applied character, the
methods employed to obtain information of the kind
specified turned out to be quite acceptable, when the
direction of the investigations has been gradually
changed towards the fundamental physics of cryocry-
stals, in particular, real cryocrystals. This concerns
the data on deposition rates, densities, refractive in-
dex, and reflectivity of cryocrystals as functions of
the condensation temperature. Interpretation of these
data allows us to make conclusions as to the variations
of both structure and morphology in the layers under
study.

Apparatus

Obviously, obtaining a reliable dependence of the
above properties on the preparation conditions re-
quires a complex investigation of these properties
within a single series of experiments. This explains
the design of the experimental installation, which is
essentially a multi-purpose vacuum spectrometer. A
diagram of this installation is shown in Fig. 1.

The vertical view of the installation is shown in Fig. 2.
The progress of the gas-solid interface during cryo-
deposition leads to changes in the interference pattern
formed by the laser beams reflected from the substrate
and from the progressing interface. Carrying out meas-
urements of this kind for two different laser beam in-
cidence angles makes it possible to close the relevant set

Fig. 1. Experimental setup (top view): [ radiation source; 2
parabolic mirror; 3 radiation path; 4 chamber window; 5 mirror
reflectors; 6 deposition surface; 7 chamber wall; § vacuum system; 9
magneto-discharge NORD pumps; /0 zeolite cryopumps; //
condenser; 12 monochromator; /3 optical pickup; 14 gate chamber;
15, 16 mass spectrometer; 17, 18 connecting ducts; /9 mass
spectrometer unit; 20 filling system.
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Fig. 2. Working chamber (vertical section); / chamber walls; 2
micro-cryogenic machine; 3 to lasers of interferometer; 4 light
guides; 5 cryostat; 6 substrate.

of equations and to evaluate the linear growth rate V
and the refractive index n of the cryocondensate. The
working parameters of the installation are as follows:

gas pressure in the chamber 1075-107° Pa; substrate
temperature 10-200 K; wavelength range 0.2 to
20.0 mcm.

To record on line the dynamically varying visible-
range spectral characteristics of the layers being con-
densed as well as to investigate into the spontaneous
optical emission during condensation of nitrogen
monoxide layers, which has been found earlier [9],
we have manufactured a special auxiliary device
(Fig. 3) to suppiement the above-described complex.
This device, operating on the basis of a multi-channel
analyzer of optical spectra, allows studies to be car-
ried out in the range of wavelengths 360-380 nm with
a time resolution of 50 mcs. .

The basic module of this installation is an optical
bench with 1024 pickups per 24 mm of its length. A

L
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Fig. 3. Multi-channel analyzer of optical spectra: [/ vacuum
chamber; 2 column of microcryogenic machine with sample; 3
photomultiplier; 4 quartz objective; J analyzer chamber; 6 eight-
digit computer to control analyzer; 7 IBM PC.
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two-stage image brightness amplifier ensures pickup
sensitivity in every channel at a level of 1 pho-
ton/count. The relevant software enables recording
spectra of pulsed-periodic processes, triggered from
the analyzer itself with frequencies of 5 and 10 Hz, as
well as spectra of continuous and quasi-continuous
sources in the on-line and accumulation regimes of
observation during time intervals from 10 ms to tens
of seconds.

To obtain integrated characteristics, we have
designed a special input card as well as the relevant
program for reading signal from a wide-band photo-
amplifier into an IBM-compatible computer during
the entire period of existence of the emission, with a
resolution below 50 mcs. The available analog
digitizer allows reading out signals with a quantum of
7 mcs. These parameters enable sufficiently accurate
description of the shape of the burst signals and their
subsequent analysis. On the whole, the above-des-
cribed complex allows studying the growth kinetics of
real cryocrystals as well as various properties of
quench condensed layers. In this paper we report the
results obtained in studies of the growth rate and
refractive indexes of various cryocrystals versus the
deposition temperature as well as the corresponding
correlating data on IR reflectivity of thin layers.

Results

Nitrogen monoxide. One of the bright examples
that justify the above approaches to the investigation
into the properties of real cryocrystals is the results,
presented below, which have been obtained in the
process of accumulation of the data pertaining to the
laws of formation and the properties of the nitrogen
monoxide cryocrystals. Initially planned and per-
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Fig. 4. The growth rate v (B ), and the refractive index n (* ) of a
nitrogen monoxide cryocondensate versus the condensation tempe-
rature at a gas pressure of P = 10-5 Torr. R ( + ) is the reflectivi-

ty (in arbitrary units) of the film at a frequency of 590 c:_m’I during
warmup. For details of the procedure of measuring growth rates v
and refractive indexes n see Sec. Apparatus.
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Fig. 5. Variations of the IR reflectance spectrum of a 2.5 mcm thick
nitrogen monoxide condensate during warmup.

formed measurements of growth rates and refractive
indexes of NZO condensates gave indications that

there is a temperature range where the behavior of the
quantities studied reveals certain irregularitics
(Fig. 4). In addition, the measured IR reflectances of
nitrogen monoxide films deposited on a metal mirror
also exhibited appreciable shifts of the absorsption
bands in the range that embraces the resonance mo-
lecular frequencies [10]. By measuriag the refiect-
ance at a fixed frequency during warmup of a 5 mcm
thick layer condensed on T = 10 K (Fig. 4), we were
able to determine the transition temperature more
accurately. As one can see, the irregularities in the
behavior of the growth rate and the reflectance are
well correlated with the variations of the film’s
spectral characteristics, so that this combined infor-
mation gives us ground to infer a structure-mor-
phologic transformation in the nitrogen monoxide
cryocrystal around T = 40 K. More detailed meas-
urements of reflectivity spectra at different frequen-
cies (Fig. 5) corroborated the above assumption of a
transformation present and served as a stimulus to
carry out direct structure studies at more or less
known experimental parameters. The relevant
electron diffraction studies have been performed in
cooperation with the Verkin Low Temperature Phy-
sics Institute in Kharkov. We have found [111 that
around 40 K a structure transformation occurs from a
strongly amorphous phase (existing at T from 10 to
40 K) to the well known Pa3 structure inherent in
bulk N, O (at temperatures above 40 K).

The results obtained for N,O could have looked
rather unexpected, if not for the bulk of experimental
data that have been obtained during the last years
and that give indications that solid nitrogen monoxide
is not so simple a substance as it might seem. Ir nar-
ticular, what we have in mind is the earlier found
effect of spontaneous optical emission (cryoemission}
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Fig. 6. The specirum of the spontanecus cryoemission of a growing
nitrogen monoxide film; 7 = 30 K; the vertical.scale is the analyzer
signal intensity.

that accompanies the process of cryocondensation of
nitrogen monoxide from the gas phase at substrate
temperatures below 130 K [91. The principal experi-
mental objective of further investigation of this phe-
nomenon was to determine the spectrum of a spon-
taneous emission burst of duration less than 50 ms.
This problem has been solved with the aid of the
above-described device (muiti-channel analyzer of
optical spectra). The spectrum of a cryoemission
burst of nitrogen monoxide deposited at 7 = 60 K is
shown in Fig. 6. As one can see, the spectruin consists
essentially of two lines, th2 brighter one at the blue
side and the other in the wavelengih range 800 to
860 nm. For comparison we plotted the reference
spectra of the helinum-neon laser and the interfer-
rometric filter. Of course, in order to nnderstand the
mechanism of this phenomenon, further investi-
gations are needed, but even the now availabie in-
formation permits the conclusion 1o be drawn that the
effect under consideration is of origin different from
tribololuminescence. This can primarily be inferred
from the absence of a wide set of frequencies in the
spectrum and its high energy release.

Water and heavy water. Not belonging to the clas-
sical molecular cryocrystals, these two substances are
interesting from both applicational and fundameatal-
research considerations. Water is, naturally, a more
thoroughly studied object, so that when planning the
investigations of the influence of the deposition tem-
perature and of the thermocycling regimes on the
structure-morphologic characteristics of H,0 con-

densates, we pursued, among other, the aim of de-
veloping suitable procedures. Vacuum-condensed
water layers are known [12,13] to have three struc-
tural modifications, which depend on the iemperature
range, where a condensate is formed and is main-
tained o exist. According {o the previously available
conflicting information, below 80-120 XK water con-
denses as an amorphous phase (Am), The range from
100 to 150 K corresponded to a mixture of a cubic
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Fig 7. The growth rate v (T1) and the refractive index n ( &) of

cryocondensed water versus the condensation temperature. R (%)

is the reflectivity of the film ai a frequency of 700 cm'l dunng
warmup.

modification (Ic) and the amorphous phase. At
temperatures above 130 or 150 K, only a hexagonal
lattice (ih) was observed. Thus, detailed studies of
growth rates and refractive indexes of water cryocon-
densates versus the deposition temperature in a com-
bination with their IR reflectivity spectra had two ob-
jectives. First, testing our standard procedures on a
substance with known structure-morphologic be-
havior. Second, a more accurate determination of the
boundaries of existence of the phases of cryocon—A
densed water layers. ‘
Measured growth rates v and refractlve 1ndexes n
of thin guench-condensed water layers as a function
of the deposition temperature are plotted in Fig. 7..
These resuits suggest certain sipgularities in the be-
havior of the properties under study, which could be
easily interpreted as being due to some structural
iransformations in the layers. The same plot shows
reflectances (in arbitrary units) of the system «mirror
substrate - condensate layer» at a frequency of

700 cm ™! during warmup of a 2.5 mcm thick water
layer deposited at T = 16 K. Correlation between all
the data shown in Fig. 7 is self-evident, which allows
the following conclusions to be made. The tempera-
ture range 16 to 90 X is the domain where water con-
densates exist in amorphous state. The gradual build-
up of the reflectance R within the range from 90 to
160 K and the correlated variations of the growth rate
and the refractive index can be explained by a co-
existence of the amorphous and cubic phases of the
H,0 layer with a gradual transformation of the amor-

phous component into the cubic phase. The abrupt
increase of R in the range 160-162 K is a manifes-
tation of the traasition to the hexagonal crystalline
modification. Like in the case with nitrogen mon-
oxide, detailed spectral characterization indicates

Fizika Nizkikh Temperatur, 1996, v. 22, No 2
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Fig. 8. IR reflectivity spectra of H,O cryocondensates at two
condensation temperatures.

that virtually all vibration modes has responded to
this structure change (Fig. 8).

The drop in growth rate at 175 K can be un-
doubtedly explained as being due to the closeness of
the saturation temperature and pressure. Thus, our
studies not only confirmed the presence of the three
states in water cryocondensates but delineated more
accurately the temperature boundaries of their exist-
ence. ‘

Evidently, in order to have possibly complete in-
formation about the role of the molecular shape and
structure in the formation of the properties of the
solid phase, it would be very desirable to carry out
coordinated investigations, similarly as for H20, for

any other molecule of nonlinear shape. The most ap-
propriate candidate in this respect is heavy water
(D,0), for which we have also done growth rate and

refractive index measurements versus deposition
temperature. The pressure in the chamber was con-

stant and equal to 1073 Torr.
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Fig. 9. The growth rate v and the refractive index n of a heavy
water cryocondensate versus the condensation temperature. The gas

pressure is 10’5 Torr.
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Fig. 10. Temperature dependence of the refractive index of D,0

against the variation of R (at f = 2890 cm‘l) during warmup.

Results of these studies are shown in Fig. 9; ins-
pection leads to rather unexpected inferences. As one
can see, against the general rather monotone be-
havior with temperature of both quantities, v(T) and
n(T), there is a deposition temperature interval,
where the scatter of experimental data becomes un-
usually wide, without any plausible considerations of
experimental or procedural character to account for
this phenomenon. A conclusion suggests itself that
this is most likely related to some structure trans-
formations in solid D,0. Quite natural in this con-

nection is the next step, viz. to use IR spectroscopy in
the range of the resonance molecular frequencies. By
analogy with water and nitrogen monoxide con-
densates, we measured variations of the reflectivity
with temperature at a fixed frequency. A D,0 layer

with thickness d = 2.5 mcm was quench condensed
on substrate at a temperature of 10 K and then slowly
warmed up. During the warmup, we recorded vari-
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Fig. 11. A fragment of the temperature dependence of the refractive
index n of DyO in comparison with the variation of the film

reflectivity R at f = 2890 em™! during warmup.
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Fig. 12. The spectral reflectance of a heavy water condensate at
different temperatures.

ations of the reflectivity at 2890 cm ™! as a function of
temperature. The measured values, together with the
relevant refractive index data, are represented in
Fig. 10. A correlation of the data is easily discernible, the
abrupnt upsurges of the n values are in correspondence
with the sharp changes in the layer reflectance, R. A
more detailed comparison within a narrower tempe-
rature range is depicted in Fig. 11.

In principle, one could have conjectured that cryo-
condensates of heavy water possess several structural
modifications. But then the amazing thing would be
the large number of presumably observed structure-
morphoiogic transformations in quite a broad tem-
perature range as well as very narrow domains of
existence of different states: indeed, we would be
dealing with more than 1§ transitions within the
range from 70 to 130 K. Spectral measurements with-
in various frequency ranges are also suggestive of gio-
bality of the changes occurting in the D,0 crystal
(Fig. 12}, 1t is now high time to turn to direct struc-
ture studies within the known temperature intervals,
which are to give clear answers to the questions put.

Conclusions

1. We have demonstrated a possibility of employing
the available =xperimental complex for the investi-
gation of growth kinetics, thermal properties, and

1790

structure-morphologic characteristics of real cryo-
crystals.

2. A structural transition has been found in the
nitrogen monoxide cryocrystal, which occurs near
40 K and consists in a transformation from the low-
temperature amorphous phase into the modification
with the Pa3 lattice.

3. We have recoerded the spectrum of cryocon-
densation emission bursts of freshly grown nitrogen
monoxide layers. It has been established that the
specirum comprises two main bands in the blue and
red regions of the visible spectral range.

4. We have confirmed existence of the three struc-
tural modifications of vacuum deposited water layers
and corrected the boundaries of the respective do-
mains of existence.

5. The results of studies on heavy water layers gives
ground to assume ultrapolymorphism to exist in the
solid of this substance.
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