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Ultra low-k dielectrics are expected to replace SiO2 as the interlayer dielectric for the
next-generation microelectronic devices. A challenge facing the integration of these
dielectrics in manufacturing is their interactions with gaseous contaminants, such as
moisture, and the resulting change in their properties. The physical and chemical
interactions of moisture with porous spin-on dielectric material are investigated using
temperature- and concentration-programmed exposure and purge sequence together with
trace moisture analysis, using atmospheric pressure ionization mass spectrometry. The
model compound in this study is methylsilsesquioxane, deposited and treated under typical
manufacturing conditions. A process model is developed that provides information on the
mechanism and kinetics of moisture uptake and release in thin porous films. The model
elucidates the effect of film properties on the contamination uptake as well as outgassing;
it also provides a valuable tool for designing an optimum process for contamination
control and removal in porous films. © 2006 American Institute of Chemical Engineers
AIChE J, 52: 1586–1593, 2006
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Introduction

The continuing decrease in the dimensions of microelectron-
ics devices presents significant manufacturing complexities and
challenges.1 So far, silicon dioxide has been the dielectric of
choice as interlayer dielectric material. However, with the
decrease in feature size, SiO2 is rapidly approaching its limits
in satisfying the required dielectric properties. For Moore’s
Law (doubling of the number of transistors every 18 months) to
continue, new interlayer low dielectric constant (low-k) mate-
rials are needed to address problems in power consumption,
signal propagation delays, and cross talk between interconnects
in the next generation of integrated circuits.2

Resistance–capacitance (RC) delay could be reduced by the
integration of Cu with low-k dielectrics.3-5 Substitution of SiO2

with low-k materials can reduce the RC delay by up to 75% for
materials with k values close to 1.6 Wide varieties of low-k

dielectric materials, which are now available, can be both
porous and nonporous. They can be classified into two main
groups: Si-containing (or more precisely, Si–O-containing) and
non–Si-containing (mostly organic polymers). The former can
be further divided into two subgroups: silica-based and silses-
quioxane-based.7,8 Implementation of low-k dielectrics in a
manufacturing environment requires an understanding of these
new materials’ characteristics and the challenges that appear in
the integration of the low-k film into semiconductor processes.
Besides their poor mechanical and thermal stability,9-11 another
disadvantage is their ability to absorb chemicals, such as con-
taminants containing polar O–H bonds arising from their po-
rous structure. Even a small amount of absorbed moisture can
increase the total k value, given that the k value of water is as
high as 79.7

The properties of interlayer dielectric films are sensitive to
the presence of homogeneous contaminants from various
sources, which can in turn affect the process yield and degrade
the final device performance. Moisture and organics are among
the most detrimental because of their high reactivity with
material surfaces. To design a process that minimizes the
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impact of moisture and organic contamination, it is necessary
to have a fundamental understanding of the interactions be-
tween gaseous contaminants and the dielectric surface. There-
fore, understanding the transport of gases through these low-k
dielectric materials will help in designing better processes for
integration of low-k material in semiconductor processing.

There has been a considerable amount of research on the
interactions of contaminants with high-k dielectrics12-14; how-
ever, the mechanism of contaminant adsorption and diffusion
in low-k materials and the effect of porosity and pore structure
on the mobility of contaminants have not been adequately
studied and characterized. This information is critical because
these materials are exposed to a wide variety of conditions
during fabrication processes. It is well known that moisture
incorporated into a dielectrics matrix interacts chemically with
the dielectric and exists in a variety of forms including both
dissolved and reacted forms.15,16 However, the dissociated and
reacted water undergoes reverse reaction when moisture is
desorbed and removed from the matrix. Although the nature of
intermediate compounds formed in the matrix is important, the
key parameters of interest for manufacturing are the overall
uptake of moisture. Therefore, it is common to use the term
“incorporated” (or “sorbed”) moisture to refer to all by-
products of moisture interactions with the matrix.

In this article a process model is set up to describe the mass
transport of moisture in the polymer matrix and the pores
(voids). A series of physical and geometric parameters have
been estimated, and the effect of porosity and film thickness are
discussed. The results predicted by the model agree well with
the experimental data.

Experimental
Setup

Figure 1 shows the experimental setup used to study the
interactions of trace levels of moisture with porous low-k
dielectric films. An atmospheric pressure ionization mass spec-

trometer (APIMS) system was set up and used to monitor the
gas-phase concentration of moisture. This system has the abil-
ity to detect impurities at ambient pressure with high sensitivity
[in single-digit parts per trillion (ppt) range] and fast response
time, thus allowing the study of adsorption/desorption kinetics
at atmospheric pressure under flow conditions.

The gas mixing zone was designed to allow delivery of
purge gas as well as challenge mixture (carrier, N2 gas plus
controlled level of moisture) in a well-defined, rapid, and
controlled manner to the test reactor. Accurate calibrated gas
mixtures could also be prepared using the gas-mixing setup.
Errors resulting from dead volumes were minimized by elim-
inating stagnant parts and by continuously maintaining gas
flow through the entire system. The gas delivery lines, made of
electropolished stainless steel (EPSS), were heated to minimize
moisture memory effects. The packed-bed reactor containing
the wafer coupons was kept at a controlled temperature using
a programmable furnace.

The test samples for this study were methylsilsesquioxane
(MSQ) low-k dielectrics (JSR 5109, JSR Corp., Austin, TX)
with a dielectric constant of 2.2–2.3. Wafers (8 in.) underwent
the following processes: 0.55 �m thermal oxide (wet oxida-
tion), 0.35 �m LPCVD nitride (thermal nitride on both sides of
wafers), 0.40 �m Blanket JSR 5109, standard JSR cure, partial
etch, and finally partial ash. The dielectric film had a porosity
of 48% with an average pore diameter of 3 nm. The wafers
were diced to produce 1 � 2-cm coupons, which were then
loaded onto nickel-coated stainless steel springs and then ran-
domly packed in a tubular Pyrex® reactor. This arrangement
provided complete mixing of gases, and thus the reactor could
be treated as a differential reactor. The total sample surface
area was 648 cm2.

Procedure

The experimental procedure consisted of the following steps:
initial purge and bake, isothermal sorption (that is, incorpora-
tion of moisture) and desorption of moisture from samples,
followed by a purge and a sequence of bake. Before each
experiment, the reactor was purged and baked under ultrapure
nitrogen up to 300°C to desorb any residual contaminants from
the wafer surface. The sorption cycle involved exposure of the
sample to a constant temperature and challenge moisture con-
centration until equilibrium was attained. The desorption cycle
was initiated by switching to ultrapure nitrogen purge. Isother-
mal desorption was carried out at the same temperature as the
sorption cycle. When the moisture concentration in the reactor
outlet gas reached the background level, the reactor was heated
to a higher temperature to speed up desorption rate. This
stepwise purge and bake was carried out successively up to
300°C. Sorption experiments were carried out at different
temperatures from 30 to 250°C and for concentrations from 56
to 165 ppb (parts per billion).

Results and Discussion

Figure 2 shows typical experimental results for interaction of
moisture with porous MSQ or p-MSQ dielectric film (MSQ
matrix and pores). The results give a temporal profile of the
reactor outlet concentration during the sorption/desorption cy-
cle. The total amount of moisture incorporated in the film is

Figure 1. Experimental setup.
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calculated using the area above the sorption curve. Similarly,
the area under the desorption curve gives the amount of mois-
ture desorbed during the isothermal purge. The results show
that extensive bake out is needed to remove most of the
moisture left in the film after an isothermal desorption process.

Figure 3 shows the normalized reactor outlet concentration
when samples are exposed to 165 ppb moisture challenge
concentration at three different temperatures. Slight variations
in the mass spectrometer readouts are attributed to sensitivity to
variations in the gas flow rate and the ambient temperature.
However, these variations are secondary and transient effects
and do not affect the overall profile, average values over a long
time, and trends. Figure 3 also indicates a delay in response,
which is significant at 30°C but less pronounced at higher
temperatures. This delay is much greater than the residence
time of the reactor and therefore is not a result of reactor

breakthrough. The delay is caused by rapid and complete
removal of moisture from the challenge gas early in the process
while the p-MSQ surface is totally dry and fast sorbing. At
higher temperatures, the desorption rate becomes more favor-
able; thus this initial rapid sorption and therefore the related
delay in response become less noticeable.

Another observation made is that, under the same exposure
time and challenge moisture concentration, the total amount of
moisture sorbed is higher at lower temperatures. At lower
temperatures, the sorption rate is higher than the desorption
rate; this results in a more favorable equilibrium toward sorp-
tion and retention of moisture in the film. The difference in the
net sorption profiles at different temperatures, as depicted in
Figure 3, can also be explained by the same effect. However,
there is another way that temperature affects the observed
sorption and retention, based on the solubility of moisture in
the MSQ matrix. Table 1 gives the solubility values at three
different temperatures and indicates that solubility decreases
with increase in temperature. The solubility factor S is given as
a ratio of equilibrium matrix moisture concentration Cs0 and
gas-phase moisture concentration Cgb0. Moisture in the matrix
is present in a wide variety of physical and chemical forms. As
stated earlier, the term “moisture” in MSQ refers to the mois-
ture equivalent of all intermediate compounds formed as a
result of physical and chemical interactions with MSQ.

Capacity of the MSQ matrix for moisture retention decreases
with temperature, which results in earlier breakthrough and
steeper initial profiles as observed in Figure 3. For example,
results show that changing temperature from 150 to 250°C only
slightly changes the sorption profile compared to the change
observed by increasing from 30 to 150°C. This is explained by
the fact that dependency of solubility on temperature decreases
with increasing temperature.

Based on the sorption profile, the film loading (total number
of molecules per unit volume of the film) has been calculated.
Because the wafer used in the experiment was coated with
p-MSQ on one side and nitride on the other, the loading from
the nitride surface assumed to behave similar to silicon dioxide
have been separately evaluated and subtracted.12 Figure 4 com-
pares the moisture loading on p-MSQ film for a given chal-
lenge concentration and temperature with that of silicon diox-
ide. To compare the loadings, p-MSQ film loading was
converted to molecules per unit area of the film. The results
show that the amount of moisture sorbed in p-MSQ film is
much greater than SiO2 surface, primarily because of the struc-
ture and porosity of the p-MSQ film. At equilibrium the solu-
bility at a given temperature and concentration is calculated
using the following equation:

Cfilm0 � Cgp0� � Cs0�1 � �� (1)

where Cfilm0 is the loading in moisture molecules per unit
volume of the film and Cgp0, the moisture concentration in the

Figure 2. Temporal profile of sorption (challenge 111
ppb moisture), followed by temperature-pro-
grammed desorption.

Figure 3. Temporal profiles of sorption (challenge 165
ppb moisture) at different temperatures.

Table 1. Experimentally Determined Solubility Values at
Three Different Temperatures

Temperature (°C) Solubility

30 2.75e7
150 9.66e6
250 6.99e6
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pore, is equal to the challenge concentration Cgb0. Cs0 is given
by Cgb0S because the matrix moisture concentration is in equi-
librium with the gas-phase concentration, � is the film porosity,
and S is the solubility of moisture in the film.

Mathematical Modeling

Extensive literature is available on diffusion and permeation
of gases in polymers and porous media.17-21 Several authors
have also studied reaction and diffusion of gases in silica.22-26

However, the transport of moisture in porous dielectric poly-
mers, such as porous MSQ, has unique features not represented
by the available models. The proposed model represents the
removal of moisture from p-MSQ film during the isothermal
desorption process. As shown in Figure 5, the process of
transport in porous low-k film is assumed to consist of the
following simultaneous steps:

(1) Local exchange of moisture between the gas phase (in-
cluding the gas in the pores) and the solid matrix across the
gas–solid interphase. This exchange in general consists of both
physisorption and dissociative chemisorption (such as hy-
droxylation), leading to formation of what is called “sorbed”
moisture; the reverse process will be recombination and de-
sorption back to the gas-phase moisture.

(2) Transport of sorbed moisture in the solid matrix by
activated diffusion.

(3) Transport of molecular moisture in micropores by dif-
fusion.

The governing equation for transport of moisture in the
matrix is

Ds

�2Cs

� z2 �
Sp�

�1 � ��
km�Cs � CgpS� �

�Cs

�t
(2)

The initial and boundary conditions for Eq. 2 are as follows:
Initial Condition

Cs � Cgb0S at t � 0 (2a)

Boundary Condition 1

�Cs

� z
� 0 at z � 0 (2b)

Boundary Condition 2

�Ds

�Cs

�z
� kms�Cs � CgbS� at z � L (2c)

where Cs is the aggregate concentration (moisture equivalent) of
all intermediate species formed from reaction and incorporation of
moisture with the low-k matrix; Ds is the effective diffusivity of
moisture in the matrix and is defined and calculated based on flux
of the overall moisture equivalent of these intermediate species;
Cgb is concentration of moisture in the gas phase; km is the
interphase transfer coefficient between the matrix and voids; kms is
the interface transfer coefficient between the matrix and the gas
phase in the surrounding medium (bulk gas); Sp is the specific
surface area of the porous film; and L is thickness of the film. It is
assumed that at equilibrium the concentration of moisture in the
matrix is proportional to the moisture concentration in the gas
phase (Henry’s law equivalent).

The governing equation for the transport of moisture in pores
is given by

Dg

�2Cgp

� z2 � Spkm�Cs � CgpS� �
�Cgp

�t
(3)

Figure 4. Comparison of moisture uptake in SiO2 and
p-MSQ, exposed to 56 ppb moisture.

Figure 5. Moisture transport pathways in porous low-k
films.
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The initial and boundary conditions for Eq. 3 are as follows:
Initial Condition

Cgp � Cgb0 at t � 0 (3a)

Boundary Condition 1

�Cgp

� z
� 0 at z � 0 (3b)

Boundary Condition 2

�Dg

�Cgp

�z
� kmg�Cgp � Cgb� at z � L (3c)

where Cgp is the concentration of moisture in the pores, Dg is
the gas-phase diffusivity of moisture in pores, and kmg is the
interphase transfer coefficient between pores and gas phase in
the surrounding medium.

In the present study, the sorption and desorption of moisture
with wafers took place in a packed bed of wafer modules
arranged and oriented randomly. This reactor was assumed to
behave as a differential reactor. This achieved a high degree of
mixing, justifying a well-mixed reactor model and the follow-
ing overall mass balance equation:

V
dCgb

dt
� Q�Cgb,in � Cgb� � �1 � �� Atotkms�Cs � CgbS��z�L

� �Atotkmg�Cgp � Cgb��z�L (4)

where the first term represents change in the moisture concen-
tration with time, the second term is the change in concentra-
tion of moisture arising from incoming and outgoing gas flow,
the third term accounts for the moisture desorbed from matrix
to gas phase at boundary z � L, and the fourth term represents
the moisture desorbed from pore to gas phase at z � L. Q is the
volumetric flow rate, V is volume of reactor, Cgb,in is the

concentration of moisture in inlet purge gas stream that is �1
ppb during isothermal desorption process, and Atot is total
exposed surface area available for moisture sorption.

Differential Eqs. 2–4 were solved numerically using a finite-
element method. The model parameters Ds, Dg, km, kms, kmg,
and S were determined by fitting the model to the experimental
data. In addition to describing the process qualitatively and
providing a tool for extracting the fundamental parameters
from the experimental data, the model can be used to predict
the amount of moisture retained in such thin films when ex-
posed to moisture in various environments. In practice, it is
important to remove contaminants, including moisture, from
these films; the model can also be used in these cases to design
an optimum cleaning process either by isothermal or by tem-
perature-programmed desorption, outgassing, and drying. The
next section describes modeling results and predicts data for
which experiments were not performed.

Modeling Results and Predictions

Application of the proposed model indicates that outgassing
of moisture from porous MSQ film follows three distinct path-
ways:

(1) Exchange of moisture molecules between MSQ matrix
and the pores

(2) Desorption of moisture from MSQ matrix to the bulk gas
(3) Diffusion of moisture out of the pores
The model described in the previous section was used to

analyze the raw data and extract the fundamental process
parameters. Figure 6 shows the model fit to data for only one
set of conditions at two temperatures, 30 and 150°C. Agree-
ment between the model and the experimental data is good.
Similar results were obtained for other temperatures and chal-
lenge concentrations. The results of analysis and parameter
estimation are summarized in Table 2. The transport through
pores is not purely Knudsen diffusion; rather, it is micropore
diffusion. This is because the diffusion process is combined
with mass transfer and exchange between gas (pore void) and
MSQ matrix (pore wall). The moisture molecules not only
collide with the pore walls but also simultaneously adsorb,
desorb, and permeate into the matrix. The average pore size in
the film is typically �30 Å; this further explains the small
values of diffusivity in the range of 1e-9 cm2/s, which is much
smaller than typical Knudsen diffusivity coefficients.

The results show that the diffusivity coefficient for moisture
in MSQ matrix is in the range of 1e-15 cm2/s. These low
diffusivity values confirm that diffusion of moisture through
the matrix is primarily through molecular or intralattice cavities
and is therefore a highly activated and slow process. The

Figure 6. Comparison of model predictions and experi-
mental data on outgassing profiles.
Sample exposed to and equilibrated with 56 ppb moisture
before desorption.

Table 2. Parameters Estimated by Fitting Model to
Experimental Desorption Data for 56 ppb

Moisture Challenge

Variable

Temperature (°C)

30 150 250

Ds, cm2/s 1.4e-15 1.7e-15 3.5e-15
Dg, cm2/s 8.5e-10 1.0e-9 3.0e-9
km, cm/s 5.0e-13 5.0e-13 5.0e-13
kms, cm/s 1.0e-8 1.0e-8 1.0e-8
kmg, cm/s 1.0e-7 1.0e-7 1.0e-7
S 3.65e7 1.9e7 1.0e7
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solubility of moisture in the MSQ matrix (S) was calculated for
each case using the sorption loading data. Figure 7 shows that
these S values are in good agreement with the values of S
determined by fitting the model to desorption data. The result
shows a slight dependency of S on moisture concentration. This
could be a result of the slight deviation from Henry’s law
equivalent. The interphase transfer coefficients km, kms, and kmg

are weak functions of temperature and are constant for all
cases.

Figure 8 gives the moisture content (loading) of the film at
different exposure or challenge concentrations. The model re-
sults are in good agreement with the experimental data. The
results show that at a constant temperature the total moisture

loading increases with increasing challenge concentration. In
addition, the total amount of moisture sorbed in the film for a
particular concentration decreases with increasing temperature.
This is because of the decrease in the solubility of moisture in
the dielectric film with increase in temperature.

Figure 9 compares the percentage of moisture remaining in
the film that has been exposed to a challenge moisture concen-
tration of 56 ppb moisture at 150°C; the temporal profile shows
the dynamics of the cleanup and desorption as predicted by the
model and as measured directly. After 1 h of desorption, only
around 5% of the total moisture is removed. Even after 20 h,
75% of the total moisture remains in the dielectric film. This
very slow and highly activated overall removal of moisture
could be a significant problem in the integration of such porous
dielectric films in semiconductor processing, where it is im-
portant to have adequate contamination control while maintain-
ing high throughput. The results of this study, and in particular
the model, would provide a valuable tool for designing desorp-
tion recipes (temperature, gas flow, and gas purity) to ensure
effective and efficient cleanup of the dielectric films.

The model is used to study the effect of porosity on the
outgassing rate of moisture from the MSQ film. Figure 10
illustrates the outgassing rate for 56 ppb moisture challenge
concentration at 30°C over a range of porosity from 20 to 60%.
The outgassing rate decreases with increasing porosity; this is
because the total amount of moisture sorbed in the film de-
creases with increasing porosity. However, the decrease in the
outgassing rate is not proportional to the increase of porosity,
which is explained by various other factors that are also af-
fected by the change in porosity. The overall mass transfer
between the film and bulk gas depends on the mass transfer
between the pore and bulk gas; an increase in porosity leads to
an increase in the mass transport by pores. In fact, two com-
peting factors determine the outgassing rate: film loading and
mass transport rate. Figure 10 shows that under conditions used
in this study the film loading factor dominates the overall
effect.

Figure 11 shows the effect of film thickness on the outgas-
sing dynamics. The thickness affects both the film mass and the

Figure 7. Solubility of moisture in p-MSQ.

Figure 8. Comparison of model prediction and experi-
mental data on moisture uptake of p-MSQ af-
ter exposure to various challenge levels.

Figure 9. Dependency of moisture residue on purge
time.

AIChE Journal April 2006 Vol. 52, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1591



overall diffusional resistance. A decrease in diffusional resis-
tance increases the outgassing rate, whereas a decrease in the
total amount of moisture sorbed decreases the outgassing rate.
Results show that for very thin films (�0.2 micron in thick-
ness) the effect related to the total amount of moisture is
dominant. For films � 0.2 micron the effect of thickness is
negligible because most of the early desorption is from a thin
top section of the film; only at the late stages of desorption does
the effect of film thickness become noticeable.

Conclusion

Sorption, desorption, and transport characteristics of atmo-
spheric gaseous contaminant in general, and moisture in par-

ticular, in porous polymeric and dielectric thin films are inves-
tigated. In particular, the moisture interactions with p-MSQ are
used as model compounds in the study. Moisture incorporation
in MSQ matrix involves both hydroxylation reaction and for-
mation of a number of intermediate compounds depending on
the exact chemistry of the dielectric matrix. However, for
process analysis and engineering applications, the aggregate
concentration of intermediates can be represented by an equiv-
alent moisture concentration in the matrix. Moisture sorption
and desorption rates in p-MSQ are sensitive to temperature,
moisture concentration, film thickness, moisture solubility, and
the fundamental properties of moisture transport in the dielec-
tric materials, in the pores and across the solid–gas interphase.
The solubility of moisture in MSQ decreases with temperature.
The rate of moisture sorption is significantly faster than the rate
of moisture desorption under typical processing condition, sug-
gesting a significant potential problem in the removal of mois-
ture and the integration of such low-k dielectric materials in
semiconductor processing.

A process model is developed to elucidate the interactions of
moisture with porous films. The model is used to analyze the
experimental data, determine the fundamental process param-
eters, and extend the direct measurements to determine the
effect of various parameters and process conditions on the
moisture removal dynamics. The results show that interphase
transport and the pore diffusion coefficients are much smaller
than those predicted by bulk or Knudsen diffusion mechanism,
thus indicating that the diffusion process is highly activated.
The low outgassing rates also indicate that porous films such as
p-MSQ are highly susceptible to moisture contamination; the
model is a viable tool for developing effective contamination
control and cleanup methods and processes.
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Notation

Atot � total exposed surface area available for moisture sorption
Cfilm0 � total moisture loading in molecules per unit volume of the film
Cgb0 � challenge moisture concentration
Cgb � concentration of moisture in surrounding medium

Cgb,in � concentration of moisture in inlet purge gas stream
Cgp0 � equilibrium moisture concentration in the pores
Cgp � concentration of moisture in pores
Cs0 � equilibrium moisture concentration in matrix
Cs � concentration of moisture in matrix
Ds � diffusivity of moisture in the matrix
Dg � gas phase diffusivity of moisture in pores
km � interphase coefficient between matrix and voids

kms � interphase transfer coefficient between matrix and gas phase in
the surrounding medium

kmg � interphase transfer coefficient between pores and gas phase in the
surrounding medium

L � thickness of the film
Q � volumetric flow rate
S � solubility of moisture in the film

Sp � specific surface area of the porous film
V � volume of the reactor
� � film porosity

Figure 10. Change in the outgassing rate during mois-
ture desorption.
Sample exposed to and equilibrated with 56 ppb moisture
before desorption.

Figure 11. Effect of film thickness on the outgassing
rate.
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