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Density and index of refraction of water ice films vapor deposited
at low temperatures

M. S. Westley® G. A. Baratta® and R. A. Baragiola®
Laboratory for Atomic and Surface Physics, Engineering Physics, University of Virginia, Charlottesville,
Virginia 22901

(Received 10 October 1997; accepted 19 November)1997

The density of 0.5—3um thick vapor-deposited films of water ice were measured by combined
optical interferometry and microbalance techniques during deposition on an optically flat gold
substrate from a capillary array gas source. The films were of high optical quality with an index of
refraction of 1.28-0.01 at 435.8 nm, a density of 0.8D.01 g/cni, and a porosity of 0.1:80.01.

In contrast to previous studies, none of the measured properties exhibited any significant variation
with growth rate or temperature over the range studi@é-2 nm/min, 20-140 K © 1998
American Institute of Physic§S0021-96068)50408-4

I. INTRODUCTION refractiort*141526-28yhich correspond to different values of
djensity and porosity, quantities related by the Lorentz—

extensively near fusion temperatures at atmospheri&:orenz relatiorf® The un_ifornjity of the ice depo_sits is also
pressuré:? large gaps still exist in our knowledge of its important. Several optical interference experiments have

properties at the low temperatures and pressures found §['0Wn numerous, weakly attenuated, interference cyc(l)es Vs
space environmertand cryogenic laboratory systefhgva- film thickness, |nd|cat!ng smooth and unlform fll'rjr?'s?f -
ter ice grown by vapor deposition at low temperature450 However, some experiments have produced ice films with
K) is an important substance in many planetary environ@Ppear to the eye to have an extremely rough, needlelike
ments such as the surfaces of satellites of the outer plane@ucturé’*! Another experimental variable which may af-
the polar caps of Mars, the surfaces of comets, interstellafect morphology, to be discussed later in the paper, is the
grains, and planetary rings. Properties of water ice that are dfirection of incidence of the molecules onto the surface.
special interest in planetary environments include sublima- Some of the different properties of water ice can be at-
tion rates, thermal conductivity, density, microstructure, gadributed to different microscopic structure. Ice condensed
absorbance, and the effects of photon and particle irradiatioritom the vapor phase at below 100-130 K, depending on
A fundamental problem facing studies of vapor depos-growth rate, is amorphous, with varying content of crystal
ited water ice is that many of its properties are not reproducgrains® Amorphous ice is not a clearly defined structure, and
ible among different laboratories. An example is the varia-different polymorphs have been fouffd;**that can be iden-
tion of sublimation and crystallization rates of the tified by their densityp. The common low density form re-
amorphous phase below 140 K. These properties were raults for growth temperatures between 30 and 135 K; its
cently shown to depend on the amorphous to crystalline conintrinsic density (not including micropores is p
tent of the ice deposifswhich depend on growth tempera- =0.94 g/cni, as measured by flotatidh and by x-ray
ture and on the type of substrtefor reasons that are not diffraction3® A lower effective density results if the void
fully understood. Widely varying values also exist for prop- pore space is included in the calculation. Seiteal 3" mea-
erties important for the evolution of icy surfaces in spacesured a density of 0.810.01 g/cni at 82 K using mass and
like thermal conductivity;® condensation coefficien®*®  optical interference measurements, such as the one described
and effective surface area for gas absorpt’ In this  here, which average over the sample. This implies a porosity
work, we focus on the density of vapor deposited ice and itgf 0.14. Recent optical studi€s*®found densities that de-
dependence on growth conditions. Ice films with very differ-crease with deposition temperature, from a plateau value of
ent values of average density and with porosifié3ranging () g3 glent at 120150 K to as low as 0.6 gicn? at 20 K
from 0.05 t0~0.6 have been reported. From the large effecyref, 15. Such low values at 20 K are consistent with those
tive areas for absorption of gases at low temperatures, it c8fiom other studied?® but contrast with a recent report that
be inferred that the porosity is due to interconnected., grown 45 K has no discernible porosify.Below about

H 9
micropores,” of unknown morphology. _ 40 K, condensation of ice leads to an amorphous phase that
There have been conflicting reports of the index ofhas a high intrinsic densityy=1.1 g/cnd. 363940
=1. :

Although the properties of water ice have been studie

In this work, we combined vacuum microbalance and
#Current address: Cornell University, Department of Applied Physics,  optical interference techniques to determine directly the den-
Ithaca, New York. . . . . .

: i nd index of refraction of vapor- i ice. m-
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FIG. 1. UHV chamber and schematic of density measurement. 2
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The density measurements indicate a significant ice porosity
that is independent of film thickness. We also determined the
density indirectly by using the Lorentz—Lorenz relation. We

find that the films are highly transparefstcattering by im- . . ) .
perfections is very weakbut they crack and turn white when bandwidth of 2 nm. This wavelength was chosen since it

FIG. 2. Reflection from a thin film on a gold substrate.

heated above 150 K. gives quite different indices of refraction of ice and the gold
substrate, which leads to a large ratio of maximum to mini-
Il EXPERIMENT mum intensity in the interference curves. The measurement

of the index of refraction of the gold substrate was made by

The experiments were performed in a cryopumped ultrarecording the ratio of the reflected intensities with polariza-
high vacuum chamber capable of reaching a base pressuretidn perpendicular and parallel to the plane of incidence at
approximately 10 1° Torr (Fig. 1). The ice films are different incidence angles. From these data, the index of re-
grown on the optically-flat gold electrode of a quartz crystalfraction of the substratéreal, imaginary is (1.48+0.01,
resonatdt' used as a microbalanéeThe crystal holder is —1.78+0.01), in excellent agreement with published values
attached to a closed-cycle refrigerator and surrounded by tw(.478,—1.781) for gold*
heat shields at about30 and 60 K, respectively, which We measured the reflected intensity during ice growth,
provide additional pumping. The ice films were formed bywhile recording the mass deposited per unit area with the
flowing thoroughly degassed high-purity water vapormicrobalance. In addition, we measured nonspecular reflec-
through an array of 0.5 mm long, 5@m diameter tion to monitor surface roughness and scattering in the ice
capillaried? roughly perpendicular to the gold substrate. Ef-films by turning the sample 10° away from the specular re-
fusion from these capillaries should result in a very low frac-flection angle. In this position, the background sigma ice
tion of water multimers impacting the surfateFilms of  on the substrajevas approximately the dark current level of
thickness between 0.01 anduBn were grown at rates in the the photomultiplier detector, showing the absence of any sig-
range 0.6—2 nm/min at substrate temperatures in the 30—14{ificant scattered light.

K temperature interval. The deposition rates are three to four For a single, flat surface, the relative magnitude of the
orders of magnitude larger than that of background impuriteflected ¢) and transmittedt) electric and magnetic vec-
ties (mostly H, and CQ in the ultrahigh vacuum system, tors fors-polarized light(perpendicular to the plane of inci-
implying high film purity. dence are given by the Fresnel equations,

The mass of the film is obtained from the change in the
resonance frequency of the quartz-crystal microbaldite. Flo=
To minimize the effect of the temperature dependence of the ® Np:COSfp+Nn;-COS Oy’
resonance frequency, we used a similar resonator placed
back to back to the sample crystal, and held at the same 1ty
temperature but not exposed to the water vap@rhetero-
dyne circuit measured the difference in frequency. The stawhere n, and n,; are the complex index of refraction of
bility of 0.2 Hz allows detection of a mass change corre-vacuum and the ice film, respectively, and the variables are
sponding to 18 water molecules/ciy or about 0.1 shown in Fig. 2. The amplitudes of the reflected beams nor-
monolayers. malized to the incident beam arg, r,, etc., and those of

For the optical interference measurements, collimatedhe transmitted beants, t,, etc. These are the Fresnel co-
white light from a Xe lamp, polarized perpendicular to the efficients for each of the two interfaces for the incidémb
plane of incidence, was reflected specularly off the sample atuperscript and reflectedwith a —superscript directions.

a total scattering angle of 1354.9°. The light was then Snell's law relates the angles of incidence with the indices of
passed into an optical spectrometer tuned to 435.8 nm with gefraction, n, sin ;=ng sin 6. Also, we must include the
RIGHTS i
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FIG. 3. Examples of interference data and fits for ices grown at different
temperatures.

Index of Refraction

FIG. 4. Index of refraction of ice vs growth temperature and growth rate.

R=r +tt;re 21—yt rrse 44 ..

tyt;re 2% tions given above. The results of the fits can be found in
=r+ Ttrore 20 Figs. 4 and 5, which show no obvious temperature or growth

_ _ B ) _ rate dependence over the range of parameters studied. The
Using conservation of energy;t; =1—r1, the expression yalue of the density, averaged over all the fits, is 0.82 §/cm

becomes with an estimated error of 0.01 g/émThe real part of the
r+r,e 2o index of refraction is 1.2€0.01. This is smaller than the
=1trr.e 2% value® of 1.316 at 435.8 nm for hexagonal ic&
12

=0.92 g/cni at these temperaturgsindicating less dense
from which we obtainR|?, the observed reflected intensity. films. The small scattering coefficients, between 4@nd
We note that the thickness of the film is contained in the10~#, confirmed by nonspecular reflection experiments, may
exponential expression, and the indices of refraction in theesult from Rayleigh scattering from micropotesr from
Fresnel coefficients and also in the exponential expression. Aurface roughness.

more detailed treatment can be found elsewf&re.

IIl. RESULTS
0.90 ~—7f1r - r v rr-r 1Tt 1T

A. Optical constants X ]

Measurements of the density and complex index of re- - 08 ]
fraction were made over a range of growth temperatures, %080'_ §§ E E }E E _
growth rates, and ice film thicknesses. Figure 3 shows ex- >
amples of interference curves and fits. On first approxima- § 075 L |
tion, densities can be determined from the mass deposited I |
between interference maxima and minima. This corresponds P I S T N S SR
to a thickness ofd,,=\/2n; cos#;, where\ is the wave- o 1 2 4 5 8 7 8 10
length of the light. Since the distance between maxima or 090 . IG'°f“"h o f"m’l’"‘"" _

between minima remained constant to within 1%—2% during I
film deposition the density of the films did not change sig- 0.85 - J
nificantly during growth for these 0.1-@m films. Also, one L § E |
can estimate the refractive index from the ratio between the 0.80 - §§ E E § § i
maximum and minimum reflected intensity. It can be noticed I 1
in Fig. 3 that the decrease in the amplitude of the oscillations 0.75 F i
with thickness is very small, indicating that the films are flat L
and homogeneous with a small loss coefficient and a smooth oro bt 1

46-49 20 40 60 80 100 120 140
surface. Temperature (K)

A more precise determination of film properties results
from fitting the complete interference patterns to the equa-  FIG. 5. Density of ice vs growth temperature and growth rate.
RIGHTS i
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B. Density and porosity el T T ]

The density we measured, 0.82 gfcragrees within ex-
perimental error with that measured by Seibeel. at 82 K,
using a very similar technique. We note that at the lowest
temperature we obtain much denser films than in some recent
reports. The independence of the density on growth rate con-
trasts with the strong dependence found by Bertainal,**
who argue that high condensation rates limit the time for
lateral diffusion following adsorption thus producing a lower
density film. - oodfpo

From the density, we can estimate the porosity and av- 000 LOOT0O90R00 . i Ree o+ . o ]
erage pore size. By comparing the average density measured 140 150 160 170 180 190 200 210 220 230 240 250
here (which includes pore volumeto the intrinsic density Temperature ()
measured by x-ray diffractidh (which does not include pore FIG. 6. Nonspecular scattered intensity vs temperature fe150 xm thick
volume, we derive a fractional porositg=0.13+0.01 for  ice film grown at 100 K.
our ice films. One can also derive the density and porosity
from the measured index of refractiog using the Lorentz—
Lorenz equatiof? which relatesp with n, and the intrinsic
index of refraction of bulk icdregions without porésn;,

o
n
T

o

o

b4
T

reflected light intensity (arb. units)
o
o
(=]
T
O\O\
O,
O\
O,
O,
O\o
~o,
—
0
0
1

transparent, then upon warming to about 150 K, a few cracks
developed, but the area between the cracks remained trans-
parent. Then, as the film temperature approached 200 K, the
Pa ni—1 n?+2 different grains began to turn white, one by one, which cor-
p=1- ;:1— 252 =1’ responded to the increase in scattered light seen in Fig. 6.
' a ! Related to our observations are those of Sivakuetal.>®
wherep; andp, are the intrinsic and average density valueswho found that films deposited at 110 K broke up when
respectively. Using the index of refraction and densityp;  heated or cooled and those of Wood and Sfiitiho re-
given for hexagonal ice near the fusion point yields a densityyorted that films deposited at 77 K shatter when their thick-
of 0.85+0.03 g/cni and a porosity of 0.180.03 when com-  ness exceeds a few microns. This behavior, and the resulting
pared withp;=0.94 g/cnt for amorphous ice. The fact that frosted appearance, are possibly related to stresses resulting
the values of density measured directly with those derivedrom changes in the density of the ice, since micropores col-
from the index of refraction are equal within errors implies japse during annealimt}:®’ It is possible that the variability
that deviations from the Lorentz—Lorenz law are small. Suctbf the results of different workers for the temperature at
deviations might arise by the slight changes in the opticalvhich cracks or scattering defects appear is related to the
oscillator strengths that occur among different phases. If wejifference in elastic properties between the ice films and the
assume that the porosity of the solid is accounted for byarious substrates that have been used. This hypothesis
interconnected spherical voids, we can derive from these vahoints to a direction for further investigation.
ues an average pore radius of 1.5 nm, close to the 2 nm
derived by Mayer and Pletzét.This microporous structure |y pISCUSSION
is what gives amorphous ice its unusually large ability to trap

gases, which is important in astronomical environ- In contrast with previous work, our ice films exhibit
19-22,52,53 good optical properties and relatively high density indepen-

ments.
dent of growth conditions. Much larger porosities than re-

ported here, up to 0.6, have been given in several
reports?®?%°8 Three differences in experimental conditions

In a different experiment, a transparent film grown at acould be identified with past work; difference in the sub-
rate of 60um/h at 100 K to a thickness of 150 um thick  strate, direction of water flow, and vacuum conditions. Re-
turned white when heated 2200 K. The variation of dif- garding the effect of the substrate, Rieeal®® report that
fuse reflectance as a function of sample temperdtige 6)  the high-density form of amorphous ice, formed on single
shows that conversion of transparent ice to a highly scattererystal Cu could not be deposited onto polycrystalline metal
ing form occurs at about 200 K, where the ice transforms tar sapphire substrates. Recent stutiideund that the subli-
the hexagonal phase. This agrees with results by Ghormlemation rates of thin water ice films depend on the substrate
and Hochanad® but, in other reports, the sharp increase ofwhere they were grown but that the crystallization kinetics
reflectance appears at different temperatures. Seibe@re independent of substrate. This suggests that the morphol-
et al*>">*found an irreversible and abrupt increase of reflec-ogy rather than the ratio of amorphous to crystalline content
tance at 145—150 K which they correlated with crystalliza-depends on the substrate. On the other hand, Bevah!**°
tion of amorphous ice to the cubic phase. Drobisfié%also  obtain similar values for the index of refraction and porosity
reported a large and abrupt change in reflectance whefor films grown on sapphire and in R201).
warming the ice films but at a higher temperature, 160—162 Differences in the direction of vapor flow may be rel-
K, which they correlated to the transformation to the hexagoevant. In our experiments, water vapor is directed through
nal phase. We examined the films visually to understand théhe surface from an array of capillary tubes of high aspect
reason for the increase in reflectivity. At first, films were ratio, which form narrow molecular beams. In contrast,
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