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Enhancement of Cu„hfac…2 Chemisorption on the Parylene
Surface by N2 Plasma Surface Modification
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We show that N2 plasma treatment introduces both nitrogen and oxygen functional groups onto the Parylene surface without
significantly changing the Parylene surface morphology. X-ray photoelectron spectroscopy �XPS� analyses reveal that there is
more copper�II� bis�1,1,1,5,5,5-hexafluoro-2,4-pentanedionate� �Cu�hfac�2� adsorbed on the plasma-treated Parylene surface than
on the untreated Parylene surface, which indicates that the chemisorption of Cu�hfac�2 on the Parylene surface is enhanced by its
interaction with the existing functional groups. The Cu�hfac�2 interacts with functional groups via the transfer of H atoms to hfac
ligands, resulting in the formation of volatile Hhfac. The F 1s XPS spectrum observed on the Parylene surface after being exposed
to the Cu�hfac�2 precursor suggests that the hfac ligands are still attached to Cu. The binding energy of Cu 2p3/2 observed in the
XPS spectra is in the range 934.4–935.3 eV, which is higher than that of bulk metallic Cu �932.4 eV� and closer to the Cu�II�

oxidation state.
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Parylene is an interesting polymer because of its physical tough-
ness, chemical inertness, and promising electrical stability that lead
to various potential industrial applications.1 Parylene is a hydrocar-
bon polymer that can be prepared by chemical vapor deposition
�CVD�.1,2 Recently, it has been shown that Parylene is capable of
sealing the surface pores of the porous low-k dielectric polymers,
preventing the penetration of precursor into the bulk dielectric dur-
ing metal CVD deposition.3,4 However, one associated problem with
using Parylene as a pore sealant is that Parylene is an inert polymer
so that the growth of metal on its surface by either CVD or atomic
layer deposition �ALD� is not achievable. Thus, in order to success-
fully integrate Parylene as the pore sealant for metallization appli-
cations, a fundamental understanding of activating the Parylene sur-
face reactivity to metallorganic precursors is an important step.

It has been reported that nitrogen plasma treatment introduces
both oxygen and nitrogen functional groups onto a polymer surface
and that these functional groups promote surface reactivity.5-7 For
example, these functional groups promote the surface reactivity of
tetrasulfide self-assembled monolayer �SAM� growth on Parylene
surfaces,5 modifying polypropylene surfaces6 and polystyrene7 to
generate oxyfunctionalities. In this work, we use N2 plasma to
modify the Parylene surface to improve its surface reactivity and
thereby enable metallorganic chemisorption. Metallorganic precur-
sors are being widely used to deposit ultrathin metal films on vari-
ous nonpolymer substrates including glass, Si, metal, and dielectric
surfaces.8-10 In our study, the metallorganic used is copper�II� bis-
�1,1,1,5,5,5-hexafluoro-2,4-pentanedionate� �Cu�hfac�2�, which is a
common precursor for depositing copper ultrathin films.8,10,11 The
chemical structure of Cu�hfac�2 is shown in Fig. 1. To the best of
our knowledge the study of Cu�hfac�2 adsorption on the Parylene
surface has not been reported in the literature. The interfacial inter-
action between the Parylene surface and Cu�hfac�2, and the amount
of precursor adsorption in the monolayer regime, are analyzed using
X-ray photoelectron spectroscopy �XPS�. The XPS results show that
the N2 plasma treatment significantly enhances the Cu�hfac�2

chemisorption on the Parylene surface. The possible interaction
mechanisms of Cu�hfac�2 and functional groups are discussed and
elucidated.
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Experimental

Parylene thin-film deposition.— Parylene polymer thin films
were deposited on the Si wafer by CVD. The Parylene reactor con-
sisted of a sublimation furnace, a pyrolysis furnace, and a bell jar
type deposition chamber. The base pressure in the deposition cham-
ber was at mid-10−6 Torr and during deposition the chamber pres-
sure was 2 mTorr. A detailed description of the reactor and deposi-
tion process has been described elsewhere.12 Briefly, the precursor
�2,2� paracyclophane was sublimed at 155°C and transported to a
high-temperature region of the reactor inlet �at 650°C� where it was
cleaved into two p-xylylene monomers by vapor phase pyrolysis.
These reactive intermediate p-xylylene monomers were then trans-
ported to a deposition chamber where the adsorption and subsequent
polymerization took place at room temperature. Linear chains of
poly�p-xylylene� or Parylene were formed.

Plasma treatment and Cu�hfac�2 chemisorption.— The Pary-
lene surface was treated by N2 plasma in order to introduce the
functional groups onto the polymer surface. The radio frequency �rf�
plasma treatments were conducted using a Plasma-Therm model 73
under a power of 50 W at a pressure of 0.5 Torr for 30 s. The N2

Figure 1. The chemical structure of copper�II� bis-�1,1,1,5,5,5-hexafluoro-
2,4-pentanedionate� or, simply, Cu�hfac� .
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gas flow rate was 400 sccm. The rf frequency is 13.56 MHz and the
distance between the parallel electrodes is 1.5 cm. The sample was
placed on the ground electrode.

Four sets of Parylene samples were prepared, and each sample
set consisted of one untreated Parylene sample and one N2 plasma-
treated Parylene sample. The untreated Parylene samples were an-
nealed in the Ar−3% H2 at 250°C for 30 min in order to remove
any adsorbed oxygen from the surface. The Parylene samples were
placed on a heating plate and then loaded into the Cu�hfac�2 depo-
sition chamber. The Cu�hfac�2 chamber was pumped down to
2 mTorr. The Parylene samples were then heated to �150°C prior
to and during the exposure to the Cu�hfac�2 precursor. The
Cu�hfac�2 precursor was heated to 100°C in a tube in order to sub-
limate it and then it was carried into the chamber by an Ar carrier
gas. The tube wall and the deposition chamber wall were kept at
120°C to prevent the precursor condensation. Each set of Parylene
samples was exposed to Cu�hfac�2 for various time periods, 10, 20,
40 or 60 s. After each Cu�hfac�2 exposure, the samples were cooled
to room temperature prior to being transferred into the XPS chamber
for the surface chemistry analysis.

Surface characterization.— For contact angle measurements,
2 �L distilled water in a syringe was dropped on the sample surface
at room temperature �also called the sessile drop technique12�, and
the water droplet was imaged by an optical microscope with 60�
magnification �Intel Play QX3� and analyzed using home-built com-
puter software. The surface morphology was scanned by atomic
force microscopy �AFM� in noncontact mode with Si3N4 tip �model
NSC21/AIBS, MikroMasch USA�. The force constant of the canti-
lever was �17.5 N/m, and tip radius was less than 10 nm. The
surface images were analyzed using the associated image software
�Park Scientific Instruments�.

The surface chemistry of all samples was analyzed by XPS. The
XPS base pressure was 1–3 � 10−9 Torr, and during the XPS scan,
the pressure rose to 4–5 � 10−9 Torr. The nearly monochromatic
X-ray Mg K� source �PHI model 04-151� used in the XPS experi-
ment had a primary energy of 1253.6 eV. The X-ray source was
operated at 270 W with 10 kV high-voltage bias and 27 mA emis-
sions current. A double pass cylindrical mirror energy analyzer �PHI
model 15-255G� was used to detect the electrons. A high-resolution
spectrum was averaged from 40 repeated scans at a passing energy
of 50 eV. The energy resolution of the energy analyzer at this pass-
ing energy is about 1 eV. The peak shift due to the charging effect
was corrected for each peak using the shift observed in C–H bond
with the standard binding energy of 285.0 eV.6 The XPS peak area
was evaluated with Origin 6.1 software. We first subtracted the
background intensity from a peak using a straight line and then fitted
a peak with a Gaussian distribution. The peak area and fitting error
were obtained from the Gaussian fit. The percentage error of an

Table I. The percentage of Cu, F, C, O, and N (after sensitivity facto

Sample Cu

Untreated Parylene 0
N2-plasma-treated Parylene 0
Cu�hfac�2 10 on untreated Parylene 1 ± 0.1
Cu�hfac�2 10 on N2-plasma-treated Parylene 3 ± 0.1
Cu�hfac�2 20 s on untreated Parylene 1 ± 0.1
Cu�hfac�2 20 s on N2-plasma-treated Parylene 3 ± 0.2
Cu�hfac�2 40 s on untreated Parylene 1 ± 0.1
Cu�hfac�2 40 s on N2-plasma-treated Parylene 3 ± 0.2
Cu�hfac�2 60 s on untreated Parylene 2 ± 0.1
Cu�hfac�2 60 s on N2-plasma-treated Parylene 4 ± 0.2

a The data were analyzed from samples before and after being exposed to
and plasma-treated Parylene surfaces. The result shows that more copper
element was determined by including the fitting error of that element
and the fitting error of all elements presented on the surface after
sensitivity factor correction.

Results and Discussion

Parylene plasma surface modification.— The untreated Parylene
surface exhibited hydrophobic behavior with the water droplet con-
tact angle of �74°. After the N2 plasma treatment, the wettability of
the Parylene surface was significantly improved and the water drop-
let contact angle decreased to �32°. The decrease of the water
droplet contact angle is attributed to the incorporation of polar func-
tional groups on the polymer surface.5 The XPS surface analysis
shows that the nitrogen plasma treatment introduces both nitrogen
and oxygen functional groups onto the Parylene surface as listed in
Table I.

The nitrogen functional groups are incorporated to the polymer
surface during plasma treatment, while oxygen functional groups
form during the plasma treatment or during air exposure through the
reaction between Parylene free radicals and oxygen compounds. The
schematic in Fig. 2 illustrates the formation of oxygen and nitrogen
functional groups on the Parylene surface after being treated by N2
plasma. To classify the type of functional groups forming on the
plasma-treated surface, the C 1s and N 1s XPS spectra were decom-
posed and fitted. The C 1s peak fitting shows three possible oxygen
functional groups �–OH, =O, and –COOH�. The detail of C 1s peak
fitting of the N2-plasma-treated Parylene surface is described in Ref.
5. The N 1s peak fitting shows two nitrogen functional groups �=NH
and –NHOH� as seen in Fig. 3. However, there is no peak associated
with –NH2. The –NH2 group could react with oxygen compounds
during air exposure. Similar functional group formations on the N2
plasma-treated polymer surface have been reported on various poly-
mers, e.g., polystyrene6 and polypropylene.7

The surface morphology of the untreated and N2-plasma-treated
Parylene surfaces is imaged by AFM and shown in the right panel of
Fig. 2a and b, respectively. The root mean square �rms� roughness of
the untreated and plasma-treated surfaces are 3.01 and 2.48 nm, re-
spectively. The surface of the N2-plasma-treated polymer �Fig. 2b�
has smaller feature sizes than that of the untreated polymer �Fig. 2a�.
The change in both rms roughness and the feature sizes after the
plasma treatment is attributed to the bombardment, etching, and/or
erosion of the polymer surface by the plasma. Although the AFM
image shows that the N2 plasma treatment introduces a small change
in the Parylene surface morphology, the XPS data indicate that the
N2 plasma treatment has a pronounced effect on the Parylene sur-
face chemistry.

Cu�hfac�2 chemisorption.— The XPS wide energy scan in Fig. 4
reveals that there are larger Cu and F peak intensities on the func-
tionalized Parylene surface than that on the untreated Parylene sur-

rection) and its fitting error from XPS spectra.a

Percentage of

F C O N

0 94 ± 1 6 ± 0.1 0
0 81 ± 2 9 ± 0.1 10 ± 0.3

1 ± 0.1 94 ± 1 4 ± 0.1 0
6 ± 0.1 73 ± 4 14 ± 0.1 4 ± 0.1
2 ± 0.1 91 ± 1 6 ± 0.1 0
5 ± 0.1 74 ± 3 14 ± 0.2 4 ± 0.3
2 ± 0.1 95 ± 1 5 ± 0.1 0
3 ± 0.1 72 ± 2 14 ± 0.2 8 ± 0.3
1 ± 0.1 89 ± 1 8 ± 0.1 0
3 ± 0.1 74 ± 3 11 ± 0.2 8 ± 0.3

�hfac�2 precursor for 10, 20, 40, and 60 s, respectively, on the untreated
sorbed on the plasma-treated surface than on the untreated surface.
r cor
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face after being exposed to Cu�hfac�2 precursor for 10 s. The larger
Cu and F intensities indicate that more Cu�hfac�2 precursor is ad-
sorbed on the functionalized Parylene surface. Therefore, the exis-
tence of functional groups enhances the chemisorption of Cu�hfac�2
on the Parylene surface.

In order to understand the interaction mechanisms of Cu�hfac�2
and functional groups, XPS measurements were performed on each
sample. The XPS wide-energy scan shows that the F peak remains
on the Parylene surfaces �as shown in Fig. 4� after being exposed to
Cu�hfac�2 for 10 s, suggesting that at least one hfac ligand is still
attached to the Cu. Mårtensson et al. proposed that the hydroxyl
groups �–OH� are able to bind to Cu�thd�2 by transferring an H atom
from a hydroxyl group to one of the Cu�thd�2 ligands forming vola-
tile Hthd.13 This argument is applicable to the interaction between
the Cu�hfac�2 and both oxygen functional groups �–OH, =O and
–COOH� and nitrogen functional groups �=NH and –NHOH�, where
the H atoms are transferred from these functional groups to one of
the hfac ligands, forming a volatile Hhfac, as expressed in Eq. 1 and
2, and illustrated Fig. 2c

–OH + Cu�hfac�2 → –O–Cu�hfac� + Hhfac �1�

=NH + Cu�hfac�2 → = N–Cu�hfac� + Hhfac �2�
The AFM analysis shows that the rms roughness of the plasma-

treated Parylene surface after being exposed to Cu�hfac�2 for 10 s
�Fig. 2c� increases to 3.59 nm, which is higher than that of the
N2-plasma-treated Parylene surface �2.48 nm�. The increase of the
rms roughness after being exposed to Cu�hfac�2 could be attributed
to the inhomogeneous deposition of Cu�hfac�2 or some incorporated
species on the plasma-treated surface.

The interaction between nitrogen functional groups and
Cu�hfac�2 can be understood through the analysis of the N 1s XPS
spectrum. The N 1s spectrum of the N2 plasma-treated Parylene
surface before being exposed to Cu�hfac�2 is composed of two spe-
cies �vNH and –NHOH�. After being exposed to Cu�hfac�2 for
10 s, the N 1s spectrum becomes broader and can be decomposed
into three species, as shown in Fig. 3. The additional peak has a
binding energy located at �398.8 eV, which is lower than the imine
�vNH� binding energy �400.1 eV�. The emergence of a new low-
binding-energy peak suggests that there is an interaction between
Cu�hfac� and nitrogen functional groups. Curry et al. observed the

Figure 4. �Color online� The XPS wide energy scan spectra of a
N2-plasma-treated Parylene surface and untreated Parylene surface, both af-
ter a 10 s exposed to Cu�hfac�2 precursor. The spectra show that Cu�hfac�2
chemisorption is improved on the N2-plasma-treated Parylene surface rela-
tive to the untreated Parylene surface.
Figure 2. �Color online� Schematics of Parylene surfaces and corresponding
AFM images �2 �m � 2 �m�: �a� Parylene polymer deposited on SiO2 by
CVD and its corresponding AFM image, �b� Parylene surface treated by N2
plasma and its corresponding AFM image, and �c� N2 plasma-treated
Parylene surface exposed to Cu�hfac�2 precursor for 10 s and its correspond-
ing AFM image.
Figure 3. �Color online� The N 1s XPS spectra of the N2 plasma-treated
Parylene surface before �open circles� and after �open squares� a 10 s
Cu�hfac�2 precursor exposure. The result of N 1s peak fit shows that after a
10 s Cu�hfac�2 precursor exposure, a new peak appears at a lower binding
energy �398.8 eV�, indicating an interaction between nitrogen functional
groups and Cu�hfac� precursor.
 2
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shift of N 1s XPS spectrum to a lower binding energy and the
appearance of an additional peak located at �398.5 eV of amine-
terminated poly�amidoamine� dendrimer after Cu deposition.14

Crispin et al. also observed that acrylonitrile’s nitrogen groups un-
dergo the interaction with Cu as acrylonitrile chemisorbed on the Cu
surface.15 Thus, the new peak appearing at �398.8 eV in the N 1s
spectrum �after being exposed to Cu�hfac�2� is believed to be from
the Cu–N bonding. The percentage of the new peak �Cu–N bonding
peak� is �30% of the N 1s spectrum, while the imine peak
�=NH� is still the most prominent peak in the N 1s spectrum �52%
of the N peak�. This suggests that most imine groups do not undergo
the interaction with the Cu�hfac�2 precursor. One possible explana-
tion for this result is that the relatively large hfac ligand on the
surface can block the interaction of nearby functional groups with
newly arrived Cu�hfac�2.

The interaction between Cu�hfac�2 and functional groups can be
further realized through the analysis of the Cu 2p XPS spectrum.
The Cu 2p XPS spectra for four precursor exposure times, shown in
Fig. 5a, contain Cu 2p3/2 peaks and their spin-orbit splitting Cu 2p5/2
peaks. The binding energy range of Cu 2p3/2 peaks is located at
934.4–935.3 eV, which is higher than the bulk metallic Cu binding
energy of 932.4 eV.16 This indicates that Cu adsorbed on the
Parylene surface is not metallic Cu but is rather in a Cu�II� oxidation
state for all four exposure times. This is because nearly one mono-
layer of Cu�hfac�2 adsorption occurs where Cu is bonded with both
functional groups and hfac ligands, as illustrated in Fig. 2c. Table I
shows that the percentage of Cu on the plasma-treated Parylene
surface is higher than that on the untreated Parylene surface for all

Figure 5. �Color online� XPS spectra measured from Cu�hfac�2 chemisorbed
on the N2-plasma-treated Parylene surface with four different exposure
times, 10, 20, 40, and 60 s: �a� Cu 2p peaks and �b� F 1s peaks.
four precursor exposure times �10, 20, 40, and 60 s�. This further
supports that functional groups are the main factors for enhancing
the Cu�hfac�2 chemisorption. The intensities of the Cu 2p3/2 XPS
spectra are about the same for all four precursor exposure times as
shown in Fig. 5a, which is due to the Cu�hfac�2 self-limiting growth
behavior. In contrast, both the intensity and the percentage of the F
1s peaks decrease with increasing precursor exposure time, as
shown in Fig. 5b and also listed in Table I. The binding energy of
the F 1s XPS spectra is located at �689.5 eV for each exposure
time, which indicates that there is one fluorine species adsorbed on
the Parylene surface.

The plot of the F 1s/Cu 2p3/2 intensity ratio as a function of
precursor exposure time shows a decreasing trend for both the un-
treated and N2-plasma-treated Parylene surfaces, as shown in Fig. 6,
suggesting that the hfac ligand decomposed and formed a volatile
compound over the exposure time. Note that the F/Cu intensity ratio
should not decrease if the hfac ligand decomposes and remains on
the Parylene surface. The binding energy of Cu 2p3/2 spectra re-
mains at �934.4 eV, which is associated with the Cu�II� oxidation
state for each precursor exposure time. If the whole hfac ligand
decomposes and desorbs away from the Cu, then the Cu state would
be further reduced to the Cu�I� oxidation state,16 accompanied by a
shift of Cu 2p3/2 spectra to a lower binding energy �located at
�932.5eV16�. However, there is no reduction of Cu binding energy
so that the decomposition of hfac ligand should partially take place
over the exposure time rather than the whole ligand decomposition.
Lin et al.17 and Girolami et al.18 also observed the decomposition of
hfac ligands of Pd�hfac�2 and Cu�hfac�2, respectively.

The percentage of Cu on the plasma-treated Parylene surface is
�3% after being exposed to Cu�hfac�2 for 10, 20, and 40 s, as listed
in Table I. This invariance of the Cu percentage is a result of the
self-limiting growth behavior of Cu�hfac�2 within this time scale.
After a precursor exposure for 60 s, the percentage of Cu increases
to �4%. The slight increase of Cu percentage is attributed to the
partial decomposition of hfac ligands. Hence, the partial decompo-
sition of hfac ligand over the prolonged exposure time does not
cease the self-limiting growth behavior of Cu�hfac�2. This may be
due to a partial existence of hfac ligands preventing a further ad-
sorption of newly arrived Cu�hfac�2 precursors onto the Parylene
surface. The persistance of Cu�hfac�2 self-limiting growth at this
temperature agrees with Jezewski’s observation.11 Hence, the pres-
ence of Cu�hfac�2 self-limiting behavior suggests the possibility of
growing Cu thin film on the Parylene surface by ALD technique if
the appropriate reducing agents are used for removing the remaining

Figure 6. �Color online� The ratio of XPS peak areas of F 1s/Cu 2p3/2 vs
Cu�hfac�2 exposure time on the Parylene surface with �solid squares� and
without �solid circles� plasma treatment.
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ligands without etching or damaging the polymer film. Ten Eyck et
al. have successfully grown Pd ultrathin films on a plasma-treated
Parylene surface by ALD using Pd�hfac�2 as the precursor and
H2/N2 plasma as the reducing agent.19

Conclusion

XPS measurements show that the nitrogen and oxygen functional
groups on the plasma-treated Parylene surface enhance the
Cu�hfac�2 adsorption. The interaction between functional groups
and Cu�hfac�2 occurs by the transfer of H atoms from the functional
groups to one of hfac ligands to form volatile Hhfac. The N 1s XPS
spectrum of the plasma-treated Parylene surface after being exposed
to Cu�hfac�2 precursor gains one additional peak located at binding
energy of �398.8 eV, suggesting the formation of Cu–N bonds. The
F 1s/Cu 2p3/2 intensity ratio shows a decreasing trend as the precur-
sor exposure time increases, which is due to a partial decomposition
of the hfac ligand over a prolonged precursor exposure time. How-
ever, the partial ligand decomposition does not eliminate the
Cu�hfac�2 self-limiting growth behavior.
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