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Practical Model for Molecular Contaminant
Deposition Kinetics

A. P. M. Glassford*
Lockheed Missiles & Space Company, Sunnyvale, California 94089

A practical model for molecular contaminant deposition kinetics has been developed. The model is based on
physically realistic expressions for the monolayer adsorption, multilayer adsorption, nucleation, and bulk con-
densation processes, but is simple enough to be used in routine engineering spacecraft contamination migration
studies. The model was evaluated against deposition and evaporation data measured for a flux of simulated
molecular contaminant, tetramethyl tetraphenyl trisiloxane, impinging on an aluminum-coated quartz crystal
microbalance (QCM) held at temperatures between 273 K and 303 K. The range of impinging fluxes used
permitted both equilibrium adsorption and bulk deposition phenomena to be measured. It was concluded that
the model represented the data well, both qualitatively and quantitively, and that the most important data
required to support deposition modeling purposes was the evaporation rate of the deposit as a function of deposit
mass. Although the model was intended primarily to support practical engineering design analyses, it was found
to be capable of modeling the main physical processes involved in molecular deposition and evaporation in a
manner consistent with scientifically more rigorous studies.

Nomenclature

C = condensation coefficient

E., E,, = monolayer, multilayer adsorption energy,
cal/mole

f» = surface area fraction covered by islands of
bulk material

fon = surface area fraction by multilayer
adsorption

M = molecular weight of impinging species

Myg0, Magn = monolayer, multilayer adsorbed mass,
g/em?

Moy = total mass adsorbed, m,_,, + m,,,,, glcm?

My, = total mass adsorbed and condensed, g/cm?

m,, m, = monolayer, multilayer adsorption capacity,
g/cm?

Mog0, Maam = monolayer, multilayer adsorption rate,
g/cm?s

Mg = total adsorption rate, ri1,,, + Hi,,,, g/cm?s

m, = bulk material evaporation rate, g/cm?s

Miep = total mass deposition rate, g/cm?s

M,y = evaporation rate during net deposition,
g/cm?s

m,, = evaporation rate with no impinging flux,
glem?s

m; = impingement rate, g/cm?s

P, = vapor pressure, dynes/cm?

R = universal gas constant, cal/mole K

R,, R,. = supersaturation ratio, critical
supersaturation ratio

S. = effective sticking coefficient, defined by Eq.
(6)

S., S, = sticking coefficient on bare surface,
adsorbed layers

T, T, = QCML1 surface, effusion cell temperature, K

a, = evaporation coefficient

Tuos Tam = monolayer, multilayer infinite temperature
residence time, s

7, = monolayer residence time, 7, exp(E,,/RT,), s
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T, = multilayer residence time, 7, exp(E,,./RT;), s

Introduction

OLECULAR contaminants can degrade the perfor-

mance of space systems by changing the optical prop-
erties of optical system and thermal control surfaces.! Mo-
lecular contamination is controlled using modeling codes to
predict contamination levels from outgassing, thruster plumes,
liquid dumps, and so forth, and adjusting the system design
and operation to keep these levels within acceptable limits.
Many complex phenomena are involved in the prediction of
contamination generation, migration, deposition, and optical
effects, and it is costly and technically difficult to develop
physically rigorous codes. Consequently, the models currently
used in the aerospace industry frequently make use of em-
pirical expressions and approximations. However, future space
systems will require greater performance at lower cost, so
more rigorous prediction models are needed in order to con-
fidently set design and operational constraints which are ad-
equate but not excessive.

Ar essential component of a contamination prediction code
is the deposition kinetics model, which relates contaminant
impingement rate to surface mass deposition rate: A complete
deposition model would represent simultaneous transient ad-
sorption and desorption, surface diffusion and nucleation,
bulk condensation and evaporation, surface chemical reac-
tions, and the effect of the space environment. Most of the
substantial literature on these phenomena has addressed these
phenomena separately and has studied low-molecular-weight
species and well-characterized surfaces, usually for equilib-
rium conditions. In contrast, space system surfaces are usually
poorly characterized and will already be contaminated to some
unknown degree before reaching orbit. The contaminant flux
will be a mixture of molecular species, some of which will be
high-molecular-weight polymers, whose relative proportions
will vary with time, and which may interact with each other
and the deposition surface. Finally, the space ultraviolet, elec-
tron, proton, and atomic oxygen environments can affect the
deposition rate and chemistry of the deposit.?

The complexity of the space contamination deposition
problem has prevented development of a comprehensive, rig-
orous model, and most current models are either empirically
based or physically based expressions valid for only one dep-
osition regime. This article proposes an engineering deposi-
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tion model that is an improvement over current models, be-
cause it is capable of representing the main physical deposition
phenomena of monolayer adsorption, multilayer adsorption,
nucleation, and bulk condensation. Published kinetic models
for these phenomena are reviewed, and a simple unified ki-
netic deposition model is developed. The model was evaluated
by assessing its ability to represent measured deposition data
in a physically consistent manner. The deposition data used
for this evaluation were measured in a series of tests in which
the deposition surface was simulated by an isothermal quartz
crystal microbalance, and the contaminant flux was simulated
by a representative silicone oil.

Deposition Model

This section reviews published kinetic models for the four
main physical phenomena involved in surface deposition:
monolayer adsorption, multilayer adsorption, nucleation, and
bulk condensation. Because the article addresses a practical
rather than scientific application, the simplest models are con-
sidered rather than the most rigorous. The separate models
are then combined into a unified model for deposition kinetics
from monolayer adsorption through bulk condensation.

Monolayer Adsorption

The simplest model for monolayer adsorption is due to
Langmuir.® It assumes that impinging molecules which strike
an already-adsorbed molecule will be reflected. Surface dif-
fusion and interactions between molecules are neglected, and
the net adsorption rate is expressed as the difference between
the gross adsorption rate and the desorption rate. For the
case of no dissociation this model can be expressed in mass
terms by Eq. (1):

Myao = miSo(l - mado/mo) - mado/To (1)

Multilayer Adsorption

Measurements on practical surfaces frequently indicate
sorption capacities greater than a nominal completed mon-
olayer. Capacities higher than a nominal monolayer, but with
monolayer adsorption energy, can occur if the exposed area
of a surface is greater than nominal because of roughness
effects. Higher sorption capacities can also be obtained by
formation of multiple adsorbed layers on top of a monolayer
or by filling of surface pores and imperfections. The Brunauer-
Emmett-Teller (BET) multilayer adsorption model® extends
the Langmuir monolayer model to include adsorption on top
of already-adsorbed molecules. The BET model assumes
monolayer adsorption energy for the first layer and a lower
adsorption energy closer to the latent heat of the adsorbed
species for the subsequent layers. The transient form of BET
model permits detailed analyses of multilayer sorption rates*
but is too complex for the present purposes. The character
of sorption by porous surfaces depends very strongly on the
size of the pores relative to the diameter of the sorbed molecules®
and is complex to model because pore sizes and sorption
energies typically have distributions of values.® In general the
adsorption energy within the pores will be higher than the
monolayer adsorption energy. Because the mechanism re-
sponsible for higher sorption capacities is not known in ad-
vance for engineering surfaces, this article proposes a simple
model for sorption capacities higher than a monolayer, which
is insensitive to whether the higher capacity is due to surface
roughness, pores, or multilayer adsorption. The surface is
assumed to be separated into a monolayer sorption region
with sorption energy E,, and area fraction (1 — f,,), and a
higher capacity sorption region with sorption energy E,,, and
area fraction f,,. The high-capacity region will be referred to
as the multilayer region in accordance with common practice.
The total adsorption rate is the sum of the sorption rates given
by Eq. (1) for each region:

madl = (1 - fm){mzso(l - mado/mo) - mado/To}

+ fm{mzsm(l - madm/mm) - madm/Tm} (2)

Nucleation

When surface-diffusing adsorbed molecules collide they can
form clusters which, under certain conditions, become stable
nuclei for bulk condensation. The two major models for de-
termining the conditions for nucleation are the critical cluster
model and the kinetic model. The critical cluster model”®
states that clusters must be greater than a certain size in order
to be thermodynamically stable. If the impinging flux has to
be raised above the evaporation rate of the bulk condensed
phase to form critical-sized clusters, then a “nucleation bar-
rier” is said to exist. The nucleation barrier is quantified by
the supersaturation ratio R,, defined as the ratio of the im-
pinging flux to the bulk evaporation rate. The critical super-
saturation ratio R, is the value of R, at the onset of bulk
condensation. If there is no nucleation barrier, R, is unity.
The kinetic model°~'* consists of a set of equations which
express the rate of formation of clusters containing various
numbers of molecules as the algebraic sum of the rates of
collision of single molecules, dissociation of larger clusters,
combination of smaller clusters, and so forth. The kinetic
model has no inherent nucleation barrier and instead accounts
for the apparent barrier as a long time constant between es-
tablishment of an impinging flux equal to the evaporation rate
and the initiation of bulk condensation.

The critical cluster and kinetic models address only simple
interactions between sorbed molecules and are not able to
model interactions with real, heterogeneous surfaces. Com-
plex intermolecular and molecular-surface interactions on
heterogeneous surfaces can be modeled by more powerful
mathematical methods such as the Monte Carlo and other
approaches.™

Formal inclusion of a nucleation kinetics in the deposition
model would increase its complexity and would have practical
relevance only if the nucleation barrier were significant. Hence
nucleation kinetics has not been included in the deposition
model in the first instance, and the issue will be reconsidered
if the measured data indicate that a significant nucleation
barrier does exist.

Bulk Condensation

After the onset of nucleation the deposit will consist of bulk
material islands surrounded by regions covered by sorbed
molecules. The islands gain mass by condensation of imping-
ing flux and by capture of surface-diffusing adsorbed mole-
cules and lose mass by bulk evaporation. The area between
the islands gains mass by adsorption of impinging molecules
and loses mass by desorption and by capture of surface-dif-
fusing adsorbed molecules by the islands. The net deposition
rate is given by Eq. (3):

Moy = fb(cmi - mb) + (1 - fb)madt (3)

Surface diffusion effects do not appear explicitly in Eq. (3)
because the mass lost by the sorption region by this mecha-
nism is exactly offset by the mass gained by the island region.

Unified Deposition Model
A unified model for deposition kinetics in the monolayer
adsorption, multilayer adsorption, and bulk condensation re-
gimes is obtained by substituting Eq. (2) into Eq. (3):
mdep = mz{fbc + (1 - fb)[(l - fm)So(l - mado/mo)
+ fmSm(l - madm/mm)]} - {fbmb + (1 - fb)

[(1 - fm)mado/To + fmmadm/q-m]} (4)
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Equation (5) expresses Eq. (4) more compactly in terms of
an effective sticking coefficient S, and an effective evaporation
rate m,, both of which are functions of the deposit mass m,,,

Moy (Maep) = Se(Maep )1 — 1t y(Me,) ®)
where
Se(map,) = o€ + (1 = f)l( = £)S,(1 = mgs/m,)
F fSn(l = Mognlm,)] (6)
Mea(Magp) = fority + (1 = )1 = f)maalv,
+ [/ T (7)

S.(m,,,) is the surface-average probability that molecules
impinging on a surface partially bare and partially covered by
adsorbed and condensed molecules will be compared. #1,,(14,)
is the surface-average rate at which mass leaves the surface
during net deposition. The evaporation rate when #, is zero
may be different from r1,,(7m,,,) and is represented by r1,,(m,,,).
However, both r,,(m,,,) and m,,(m,,,) are expressed para-
metrically by Eq. (7).

The supersaturation ratio R, is given by Eq. (8):

Rs = mi/med(mdep) (8)

Equations (5)—(8) constitute the mass deposition model pro-
posed by this article.

Experimental Program

In order to use the model, S,(m,,,) and m,,(m,,,) must be
known, so an experimental program was conducted to deter-
mine these quantities. This section describes the experimental
approach, apparatus, measurement procedure, and test ma-
trix.

Experimental Approach

The simplest method for characterising deposition and
evaporation kinetics experimentally is to measure the depo-
sition rate of a known impinging flux on an isothermal surface
as a function of deposit mass, and then interrupt the impinging
flux and measure the evaporation rate as a function of deposit
mass. The deposition measurement is represented by Eq. (5).
The evaporation measurement in the absence of an impinging
flux is represented by Eq. (9), which is obtained by writing
Eq. (5) with m; equal to zero, and replacing m,.(m,,,) by
med(mdep) :

M ey (mdep) = —n, (mdep) )

The deposition/evaporation test provides two sets of data
for determining three unknowns, S.(m,,,), #..m,,), and
m,(mg,,). To resolve S, (m,,,) and ri1,(m,,,) from these data,
either another measurement must be made or an assumption
must be made about the value of one of the variables. The
rigorous approach would be to make another measurement,
but to avoid adding complexity to a basically simple test, a
reasonable assumption is sought.

Two reasonable assumptions are considered. The first is
that r1,,(m,,,) is identical to r,,(m,,,). This assumption should
be valid if there are no hysteresis or relaxation effects in the
deposit, and if the impinging and evaporating fluxes are low
enough for their collision probability to be negligible. With
this assumption S,(m,,,) can be calculated from Eq. (10),
which is obtained by substituting r,,(m,,,) for m,,(m,,) in
Eq. (5) and rearranging

S.(my,) = {mdep(mdep) + it (Mg, )M, (10)

Published data for sticking® and condensation coefficients!®
for the low impingement rates typical of space systems indicate

that S,(m,,,) may be close to unity to most regimes. A second
reasonable assumption is therefore that S.(m,,,) is unity for
all deposition regimes. With this assumption #1,,{(m,,,) can
be calculated from deposition data using Eq. (11), which is
obtained by setting S.(m,,,) equal to unity in Eq. (5) and
rearranging
med(mdep) = mi - mdep(mdep) (11)
The experimental approach was thus to perform a series of
isothermal deposition and evaporation tests, to analyze the
data using each of these assumptions in turn, and to evaluate
the reasonableness of the S.(m,.,) or r.,(m,,) data calcu-
lated on the basis of these assumptions.

Experimental Apparatus

The experimental apparatus is shown schematically in Fig.
1. Two quartz crystal microbalances (QCM) are arranged with
the same view factor to the orifice of an effusion cell con-
taining a molecular flux source. The effusion cell and QCMs
are surrounded by liquid nitrogen-cooled shields to ensure
that molecular flux reaches the QCM surfaces only by line-
of-sight flow from the effusion cell orifice. Shutters permit
the molecular flux to each QCM to be interrupted. The ap-
paratus is placed in a glass bell jar evacuated to less than 2
x 107 Torr.

The effusion cell is a cylindrical container with a central
cylindrical orifice in its detachable top cover. Cell temperature
is controlled by balancing electrical resistance heat input against
radiative heat loss to the cold walls. The distance between
the cell and the QCMs can be adjusted from outside the
vacuum chamber by moving the cell support strut. The mo-
lecular source material was (1,3,3,5)-tetramethyl (1,1,5,5)-
tetraphenyl trisiloxane (TMTPTS), a silicone oil used in dif-
fusion pumps. TMTPTS was selected because it is represent-
ative of high-molecular-weight methylphenyl siloxanes, a fam-
ily of outgassed species commonly encountered in space
systems.!”

The QCMs are QCM Research Mark 9 units, which incor-
porate two 10-MHz crystals, a platinum resistance thermom-
eter located between the two crystals, and an oscillator/mixer
chip. One crystal is used for deposit mass measurement, while
the other is used as a reference. The QCM mass sensitivity
is 2.26 x 10® Hz/g/cm®. The crystals had a nominal 3-um
surface finish, overcoated with an aluminum keyhole elec-
trode of about 1000 A thickness. This crystal style was used
solely because of availability. A scanning electron micrograph

QUARTZ CRYSTAL [

| . suppoRT
MICROBALANCES £ -i ST

RUT

RESISTANCE
HEATER
QCM1 - 283 K QCM2-100K
204K
303K  MOVABLE SHUTTERS
4 N\
. -+
EFFUSION
/ CELL
RESISTANCE —
HEATER
[—— SILICONE OIL
MOLECULAR SOURCE
N2-COOLED
ADJUSTABLE EFFUSION LIQLCJéI)DLD W?\LP —_—
CELL SUPPORT STRUT

Fig. 1 Schematic of apparatus.
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of the crystal surface (Fig. 2) shows that its surface contains
a number of porelike imperfections about 1 to 3 um in di-
ameter. The QCMs are mounted in holders attached by struts
to a liquid nitrogen reservoir. The measuring crystal of QCM1
is the test surface. QCM1 is temperature controlled to within
+0.1 K of a selected test value by balancing eleetrical resis-
tance heat input to the holders against conductive heat loss
along the struts. QCM2 is maintained below 100 K, at which
temperature the deposition rate of TMTPTS is effectively
equal to the impingement rate. Since both QCMs have the
same view factor of the effusion cell orifice, their impingement
rates should be the same, so the impingement rate on QCM1
is determined by the deposition rate on QCM2. The equiv-
alence of the QCM view factors was verified in a preliminary
test in which both QCMs were cooled below 100 K. The
deposition rate indicated by the two QCMs agreed to within
+0.5%.

Experimental Procedure

At the start of an experiment the QCM1 measuring crystal
was cleaned by heating it to its maximum operating temper-
ature of 400 K. The effectiveness of this cleaning method was
validated in two preliminary tests. First, it was found that
after repeated cycles of heating and recooling, the frequency
was reproducible to about =2 Hz, or about =1 A, which is
less than the resolution of the test data and hence negligible.
Second, the effectiveness of removing TMTPTS from the crys-
tal by heating was compared to solvent cleaning by analyzing
the surface using SIMS; less silicon was found on the surface
following a heating cycle than following solvent cleaning. It
was concluded from these two observations that cleaning by
heating to 400 K in vacuum was as effective as standard solvent
cleaning and was adequate for the present purposes.

Following the cleaning cycle, the QCM1 temperature was
adjusted to a selected test value. The desired impingement
rate was obtained by raising the effusion cell temperature to
a preselected value, monitoring the deposition rate on QCM2,
and adjusting the distance between the cell and the QCMs.
The QCM1 shutter was then opened, and the frequency of
QCM1 was recorded as a function of time. In tests at relatively
low impingement rates, the deposition rate initially decreased
slowly, but then fell increasingly rapidly to zero as an equi-
librium adsorbed layer was formed on the crystal. These tests
were terminated when adsorption equilibrium had been es-
tablished. In tests at relatively high impingement rates, the
deposition rate remained finite as deposition passed from the
adsorption regime into the bulk condensation regime. These
tests were terminated when the deposit mass exceeded about
2 x 107¢ g/em?, at which point deposition had proceeded far

Fig. 2 Scanning electron micrograph of the QCM crystal.

enough into the bulk condensation regime for the rate to
become essentially constant.

After the deposition test had been terminated by closing
the shutters, the frequency of QCM1 was recorded as a func-
tion of time as the deposit evaporated. The evaporation test
was terminated when the evaporation rate became too small
to measure (<103 g/cm?h).

In general the QCM frequency at the end of an evaporation
test did not return to the initial clean frequency before dep-
osition. The differences were as much as +4 Hz for some
tests, which corresponds to an uncertainty in the mass de-
posited of about =2 x 10~8 g/cm?. Since the differences were
random throughout the test program, they are attributed to
QCM frequency drift.

Test Matrix

Table 1 gives the deposition/evaporation tests parameters.
The letter A or B in Table 1 indicates whether a deposition
test resulted in the formation of an equilibrium adsorbed layer
or continued into the bulk condensation regime, respectively.

At a given QCM1 temperature, the impingement rate was
varied between tests by holding the effusion cell temperature
constant aril changing the distance between the effusion cell
and the QCMs. Because deposition kinetics depend strongly
on surface temperature, a different range of impingement
rates had to be used at each QCM1 temperature in order to
cover both the equilibrium adsorption and bulk condensation
regimes. Appropriate ranges of impingement rate were ob-
tained by using different effusion cell temperatures for each
QCM1 temperature.

Measured Data

Deposition Data

Figures 3, 4, and 5 show deposition rate as a function of
deposit mass at 303 K, 294 K, and 283 K, respectively, for
various values of impingement rate. For tests which produced
bulk deposits, the deposition rate decreases with time in the

Table 1 Deposition/evaporation test matrix

T, K m;, glem3s T, K Test type® R,

303 8.70 x 10-° 373 B 6.1

303 5.04 x 10~° 373 B 3.55
303 2.29 x 107° 373 B 1.61
303 1.86 x 10-° 373 B 1.31
303 1.57 x 10-° 373 B 1.11
303 1.44 x 10-° 373 A 1.01
303 1.32 x 10-° 373 A 0.93
303 8.03 x 10~ 373 A 0.57
294 1.81 x 10—° 360 B 5.66
294 1.40 x 10-° 360 B 4.37
294 1.15 x 10-° 360 B 3.60
294 5.88 x 10~ 360 B 1.84
294 4.88 x 10~ 360 B 1.53
294 413 x 10~ 360 B 1.29
294 3.64 x 10— 360 B 1.14
294 2.68 x 10-1° 360 A 0.84
283 1.09 x 10-° 373 B 24.2

283 7.89 x 10-10 373 B 17.5

283 6.13 x 10— 373 B 13.6

283 1.29 x 101 343 B 2.90
283 8.68 x 10~ 343 B 1.92
283 7.55 x 10~ 343 B 1.67
283 6.22 x 10-1 343 B 1.38
283 5.87 x 10~ 343 B 1.30
283 5.41 x 10-1 343 B 1.20
283 4.96 x 1071 343 A 1.10
283 3.92 x 101 343 A 0.87
283 3.03 x 10— 343 A 0.67
283 2.36 x 10~ 343 A 0.52
273 1.03 x 10— 343 B 2.06
273 4.64 x 10-1*2 343 A 0.93

2A, test produced adsorption equilibrium; B, test produced bulk deposition.
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deposit mass range up to 80 x 10~2 g/cm?, and then becomes
essentially constant in the bulk deposit regime above about
100 x 10~8 g/cm?. For tests which produced adsorption equi-
librium, the deposition rate decreases with time until equilib-
rium is reached in the deposit mass range of about 35 to 80
%X 1078 g/cm?. The equilibrium deposit mass is a function of
impingement rate. The specific gravity of TMTPTS is 1.07
and its mean molecular diameter is about 10 A, so a nominal
monolayer corresponds to a deposit mass of about 10 x 108
g/cm?. The deposition data therefore clearly show sorption
capacity well in excess of a nominal monolayer.

Evaporation Data

Figure 6 shows deposit mass as a function of time for evap-
oration at 303 K. Within the sensitivity of the measurements,
the evaporation rate vs time characteristics are the same for
all tests, regardless of the original deposition rate or the de-
posit mass when evaporation was initiated. In the bulk regime
the characteristic has a relatively constant slope, implying a
constant evaporation rate. The evaporation rate decreases
steadily through the sorbed deposit mass range below 80 X
10-% g/cm?, and then undergoes a marked further decrease
as the deposit mass falls below 10 x 10~#% g/ecm?. The 283 K
and 294 K test data are qualitatively similar to the 303 K data.
This behavior indicates that the residence time and hence
sorption energy are lower in the sorbed deposit mass range
above the monolayer capacity of 10 x 10~8 g/cm? than in the
monolayer. This relationship between sorption energies above
and below the monolayer is more consistent with the multi-
layer adsorption model than either the surface roughness or
porous surface effects model. In this article, sorption capac-
ities in excess of a monolayer are therefore assumed to be
due to multilayer adsorption for the combination of contam-
inant species and QCM surface studied.

Figures 7, 8, and 9 show evaporation rate as a function of
deposit mass at 303 K, 294 K, and 283 K, respectively. At a
given temperature the evaporation rate for all tests are es-
sentially coincident, so data from a lesser number of repre-
sentative tests are shown to minimize clutter. The transition
from a constant evaporation rate in the bulk regime to a
decreasing evaporation (i.e., desorption) rate in the multi-
layer sorption regime is clearly evident.
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Nucleation Data

Table 1 gives R, calculated using Eq. (8) and assuming #,,
to be the value of m,,(m,,,) for the bulk evaporation portion
of Figs. 7-9. The lowest R, value for which bulk condensation
was obtained was 1.11 (303 K; 1.57 X 10-° g/cm?s), while
the highest value for which bulk condensation was not ob-
tained was also 1.10 (283 K; 4.96 x 10-1° g/cm?s). R,. must
therefore be on the order of 1.10, which is close enough to
unity to conclude that there is no significant nucleation bar-
rier.

Discussion

The deposition data are analyzed in two ways. First, it is
assumed that m,,(m,,,) is identical to s, (m,,,) and S, (m,,)
is calculated using Eq. (10). Second, it is assumed that S,(s11,,,)
is unity and m,,(m,,,) is calculated using Eq. (11). The rea-
sonableness of these two approaches is evaluated by assessing
the physical consistency of the behavior of the calculated
S.(mgy,) and m,,(1m,,,) data, respectively. The section begins
with a discussion of the evaporation rate data m,,(m,,,), since
its behavior affects both approaches.

Evaporation Rate

The data of Figs. 5—7 show that, within the parameter range
of these experiments, the evaporation rate in the absence of
an impinging flux, m,.(m,,,), depends only on surface tem-
perature and mass deposited and is independent of the original
impingement and deposition rates. This is the most significant
conclusion to be drawn from the test program. It shows that
m,.(m,,,) is a property of a contaminant/surface system, and

that it can be determined from a single evaporation test at
each temperature. The behavior of the m,,.(m,,,) data can be
compared with the physical models presented earlier.
During bulk deposition the deposit consists of islands of
bulk material with adsorbed molecules between the islands.
When the impinging flux is interrupted, the adsorbed molec-
ular population will be rapidly depleted by desorption and by
capture by the islands, so during evaporation the desorption
terms in Eq. (7) will be negligible, and #1,,.(m,,,) will be equal
to f,ri,. Since 1,,(m,,,) is constant in the bulk regime (Figs.
5-17), f,r, must also be constant. The evaporation rate of
bulk condensate is given by the Langmuir equation, Eq. (12):

i, = a,P,(M/2mRT,)" (12)

Published data'® suggest that «, should be close to unity for
the low evaporation rates used in the current tests, so 1, wiil
be constant. If both 1, and f,m, are constant, f, must be
constant, and the islands must lose mass at constant base area.
Table 2 gives f, estimated by dividing r1,,.(m,,,) for the bulk
evaporation portion of Figs. 5-7 by #1, calculated from Eq.
(12) using published vapor pressure data.'*-2! The f, values
are about one quarter to one half the theoretical maximum
value of /4 for square-packed identical round islands and are
consistent with photographic data,? as well as values calcu-
lated for TMTPTS deposited on a similar QCM.?* The in-
crease of f, with temperature may be due to higher mobility
and hence higher degree of relaxation of the surface or to
lower surface tension and hence lower contact angle.

Because both i, and m, (m,,) are independent of the
original deposition rate, f, must also be independent of dep-
osition rate. A possible explanation is that during deposition,
adsorbed molecules migrate over the QCM surface and nu-
cleate at surface defects. If the surface mobility of condensed
molecules is high relative to the deposition rate, the deposit
will have time to adjust completely to the surface topology.
The island number density will then be determined only by
the number of surface defects and will be the same for all
tests.

The deposit mass evaporates from about 80 X 10-% g/cm?
down to 10 X 10~% g/cm? by multilayer desorption. In this
regime the desorption rate is given by Eq. (13) below, which
is obtained by setting f, equal to zero in Eq. (7):

mee(mdep) = (1 - fm)mado/To + fmmadm/Tm (13)

The adsorption energy and hence residence time should be
significantly higher in the monolayer than in the multilayer
regime, so the monolayer term in Eq. (13) should be small
by comparison with the multilayer term, and r1,,.(m,,,) should
be approximately equal to f,.m,4,/7,. If f, and E,_ are rea-
sonably constant and if the multilayer adsorption energy is
also constant r,,(m,,,) should be a linear function of m,,,
with slope equal to f,/7,,. When Figs. 5-7 are replotted on
linear axes, this linearity is evident. When the slopes of the
linear portions are plotted in the form log (7,./f,,) vs (1/T,),
a straight line is obtained with a best-fit slope of 14,400 K,
implying a multilayer adsorption energy of 28.5 kcal/mol. This
is slightly higher than the published latent heat for TMTPTS
of 25.5 kcal/mol**-?! and is hence consistent with published
data for multilayer sorption energies,® as well as the assump-
tions of the BET mode].

Table 2 Bulk deposit coverage factor

T, K e, glcm?s M, glem?s® fs
303 1.42 x 10-° 3.54 x 107° 0.40
294 3.20 x 10~ 9.33 x 10— 0.34
283 450 x 10~ 1.64 x 10-1° 0.27
273 5.00 x 10-12 2.98 x 10—t 0.17

aBased on averaged P, data from Refs. 19-21.
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Figures 5-7 all show that the dependence of 7., on m,,
changes in the region below about 10 X 10-% g/cm? to a
characteristic with a smaller slope. This is consistent with a
change in the evaporation process from multilayer desorption
to monolayer desorption, with a corresponding increase in
desorption energy and hence residence time. However, be-
cause of the lower desorption rates and experimental time
constraints, fewer data were obtained in this regime, so mon-
olayer adsorption energies could not be reliably deduced.

Effective Sticking Coefficient

For the multilayer adsorption and bulk deposition regimes,
S.(mg,,) was calculated for each deposition test by inserting
the m1,,,(m,,,) and m; data into Eq. (10), along with the value
of m,,(my,) for the same value of m,,,. The m,,,(m,,) and
m,.(m,,,) data were measured, in general, at different values
of myg,,, so the m,.(m,,,) data had to be interpolated in order
to complete this calculation. To facilitate the interpolation,
the m,(m,,) data for each temperature were curve-fitted
using an empirical expression of the following form:

Mee(Magy) = (U(H(amg,) + 1/d))e (14)

The values used for the constants a, b, ¢, and d were 1.28
x 10°,2.2, 1.4, and 1.42 x 10-° at 303 K; 6 x 102, 3.3,
1.0, and 3.2 x 107'° at 294 K; and 18, 1.8, 1.5, and 4.5 X
10~ and 283 K.

The calculated values of S.(m,,,) for 303 K are plotted vs
deposit mass in Fig. 10. For all impingement rates, S,(m,,,)
is close to unity in the monolayer adsorption region, passes
through a more or less strongly defined minimum in the mul-
tilayer region, and is asymptotic to a value of about 1.0 in the
bulk regime. The 294 K and 283 K data behave in a similar
manner to the 303 K data, with bulk deposit asymptotic values
of 0.97 and 1.08, respectively.

The slight difference in the bulk regime value of S,(m,.,)
between temperatures is not systematic and is probably caused
by random misalignment of the effusion cell orifice axis with
respect to the two QCMs when the cell was removed and
replaced between test series for refilling with silicone oil.
Misalignment would cause the flux on QCM1 to differ from
the flux on QCM2 by a constant factor for all tests at each
temperature, which would introduce a constant error in the
assumed value of 71, and hence in the value of S, (m,,,) cal-
culated from Eq. (10). It is therefore concluded that S, (r7,,,)
is unity in the bulk regime within the accuracy of these mea-
surements.

Equation (6) indicates that for S,(m,,) to be unity for
coverage factors in the range of 0.2 to 0.4 (Table 2), the terms
C, S,(1 — mgy/m,), and S, (1 — m,,,/m,,) must also be
unity. For the low impingement rates typical of orbital con-
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Fig. 10 Effective sticking coefficient vs mass deposited, 303 K surface.

tamination rates, C should be close to unity,!s and the dis-
cussion of the next paragraph concludes that S, is also unity.
S, should lie somewhere between S, and C and therefore
should also be close to unity. In order for the terms (1 —
Maa0/m,) and (1 — m,,,,/m,,) to be unity, the monolayer and
multilayer coverages, m,,/m, and m,,,,/m,,, must be negli-
gibly small during bulk condensation. However, these cov-
erages must be very high before nucleation can occur, so for
S.(m,,) to be unity after the initiation of bulk condensation,
a mechanism must appear which removes molecules from the
area between the bulk deposit islands as soon as they are
adsorbed. This mechanism is believed to be capture of surface-
diffusing adsorbed molecules by the islands.

In the multilayer regime S,(m,,,) is unity at very high im-
pingement rates, but passes through increasingly pronounced
minima with decreasing impingement rate. However, for the
impingement rates which produced sorption equilibrium,
S.(m,,) rises from the minimum back to unity as equilibrium
is approached. Thus in this region the calculated value of
S.(m,,) at a given value of m,,, can both decrease or increase
with impingement rate. It is difficult to construct a simple
physical explanation for this behavior, and it is believed that
it occurs only because the substitution of #1,.(m,,,) for ri,(m,,,)
used in Eq. (10) to calculate S,(m,,,) is not valid for all con-
ditions in the multilayer regime. It is significant that, given
enough time, S,(rm,,,) does become unity in this regime, which
suggests that a relaxation mechanism may be occurring.

Few r,,(m,.,,) data were obtained for the monolayer re-
gime, and Eq. (10) could not be used with confidence, so
S.(m,,,) was determined by back-extrapolation. When the
data of Figs. 3—5 are replotted on an expanded scale, it is
found that, for all tests, linear back-extrapolation of the
Myep(My,,,) data to zero mass gives #,,,(0) values within +3%
of m,. It was concluded that within the accuracy of these
measurements S,(0) and hence S, are effectively unity.

Evaporation Rate During Net Deposition

In the second data analysis approach it was assumed that
S.(mg.,) is unity in all regimes, and r,,(m,,,) was calculated
using Eq. (11). It was found that for all deposition tests at all
three temperatures, the calculated r,,(m,,,) data are equal
to the measured m,,(m,,,) data in the bulk regime, but are
greater than or equal to m,,.(m,,) in the multilayer regime.
The difference in the multilayer regime is greatest for the
lowest impingement rates and decreases to zero at high im-
pingement rates. The difference is also zero at multilayer
sorption equilibrium.

Figure 11 shows calculated r,,(m,,,) and measured r1,,(m,,,)
data for the 303 K tests with impingement rates of 1.32 X
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Fig. 11 Comparison of evaporation rate from 303 K surface measured
during evaporation test with apparent evaporation rate during dep-
osition calculated from depeosition data.
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10-° and 8.03 x 10-'° g/cm?s, which produce sorption equi-
librium, 1.57 x 10=%and 2.29 X 10~° g/cm?s, which produced
a bulk deposit. To minimize clutter the m,(m,,,) data are
represented by a curve fit [(Eq. (14)] to the data of Fig. 7.
During the initial stages of multilayer adsorption, #1,,(1,,)
for the two sorption equilibrium tests follow a characteristic
displaced from the 71,,(m,,,) characteristic towards lower de-
posit masses. As sorption equilibrium is approached, 7,,(m,,,)
tends toward and eventually joins the 11, (m,,,) characteristic.
In the multilayer region the two bulk deposit 71,,(r,,,) char-
acteristics lie slightly below the sorption equilibrium 7, ,(m,,,)
characteristics, but are still higher than s, (m,,,). Once the
bulk regime is reached m,,(m,,,) becomes equal to ri,.(m,,,).
The 294 K and 283 K data behave in a manner similar to the
303 K data.

The relationship between the #1,,(m,,,) and r,,(m,,,) char-
acteristics indicate that in the multilayer adsorption regime a
given evaporation rate corresponds to the same or lower de-
posit mass during deposition than during evaporation, and
that the difference disappears as equilibrium is reached. This
behavior is characteristic of a relaxation process, which may
occur in the following manner. The impinging flux is uniform
so molecules will initially be adsorbed more or less uniformly
over the QCM surface. They will then adjust to the hetero-
geneous surface by diffusing across it and filling higher energy
surface defects. If this relaxation process takes a significant
time to complete, the instantaneous desorption rate for a
given deposit mass will be higher than at equilibrium, because
a larger fraction of the adsorbed molecules will still reside in
lower energy sites. When relaxation is complete the desorp-
tion rate will have a value consistent with completely filled
high energy sites, which is, in fact, the value measured during
the evaporation test, #1,(m,,). The difference between
q(My,) and m, (m,,,) will be less at the higher impingement
rates, because the consequent higher population of adsorbed
molecules will shorten the relaxation time. This interpretation
of the data is qualitatively consistent with published data, so
it is concluded that the assumption that S,(m,,) is always
unity is more reasonable than the assumption that n1,,(m,,,)
is always equal to ri,.(mg,,).

Conclusions

A kinetic model has been developed for contaminant flux
deposition in the monolayer adsorption, multilayer adsorp-
tion, and bulk condensation regimes. The measured deposi-
tion data show significantly different behavior in these re-
gimes, confirming the need for a model capable of reflecting
these differences. Although both the model and measurement
technique are intentionally simple, they lead to qualitative
and quantitative conclusions about the physical processes in-
volved in deposition kinetics which are generally consistent
with more rigorous published scientific studies.

The major conclusion is that the most important type of
experimental data needed to support modeling is evaporation
rate as a function of mass deposited. It has been industry
practice to characterize deposition kinetics by QCM net dep-
osition rate measurements, principally because these are the
primary data generated by standard materials characterisation
tests, thermal-vacuum tests, and on-orbit spacecraft environ-
mental measurements. However, deposition rate is a system
rather than material property, since impingement rate is a
function of system parameters such as view factor from source
to condensing surface. On the other hand, the data clearly
show that evaporation rate is an impingement-independent
property of the contaminant/surface system.

Although the deposition/evaporation test is more complex
and provides more information than deposition tests normally
used in the industry, it still does not provide enough data to
permit all properties to be determined explicitly, and an as-
sumption must be made about either the value of S,(m,,,) or
the equivalence of r1,,(m,,,) and m,(m,,) in order to com-

plete the data analysis. The assumption that S, (m,,,) is unity
in all regimes leads to physically reasonable conclusions. The
assumption that #1,,(m,,,) is the same as 1, (m,,, ) seems valid
in most regimes, but there appears to be a relaxation process
during multilayer adsorption that causes #1,,(m,,,) to be greater
than #1,,(m,,) until equilibrium is reached. It is noted that
neither of these assumptions is necessarily scientifically cor-
rect, since it is possible that for nonequilibrium conditions in
the multilayer regime, S (m,,) may be less than unity, the
,4(m,,,) may also be greater than r,,(m,,,). However, this
situation does not lead to a practical methodology for inter-
preting the deposition/evaporation test data.

Since m,,(m,,) may be greater than m,(m,,), the as-
sumption that r1,,(m,,,) is the same as n1,,(m,,,) may lead to
an overestimate of net deposition rate. The degree of over-
estimation will be negligibly small for large impingements
rates, but will become increasingly significant as the impinge-
ment rate decreases.

The model predicts areal mass deposition rate and repre-
sents deposit morphology only by the parameter f,. To model
morphology surface diffusion and nucleation kinetics terms
would have to be introduced into Eqs. (2) and (3), which
would complicate the algebra and would introduce additional
parameters which would have to be measured experimentally.
Nevertheless, the optical effects of surface contaminants are
strongly dependent upon morphology, and extension of the
model to predict deposit morphology would be of great value
to the modeling community.

The above conclusions apply only to a particular combi-
nation of contaminant species, deposition surface, and envi-
ronment, so the model should be reevaluated for other ma-
terials, environments, and test parameters. Many engineering
surfaces are smooth and will have lower multilayer adsorption
capacity than the unpolished QCM, so relaxation processes
may be less apparent. Space system contamination require-
ments typically call for deposit masses not to exceed about
10-¢ to 10> g/cm? over a period of several years, which
corresponds to average deposition rates several orders of mag-
nitude lower than the rates considered here. Lower deposition
rates over longer periods of time may permit long time con-
stant processes not apparent in short term laboratory tests to
assume greater significance. In practice the impinging flux
generally contains more than one molecular species, whose
interactions may affect deposition kinetics. The space ultra-
violet radiation and atomic oxygen environments will all have
a major effect on deposition, particularly in the adsorption
regime.
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