
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 22 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

The Journal of Adhesion
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453635

Laser-Enhanced Gas Phase Surface Modifications of Teflon AF1600 for
Increased Copper Adhesion
D. Popovicia; M. Meunierb; E. Sacherb

a INRS-Énergie et Matériaux, Canada b Groupe de Recherche en Physique et Technologie des Couches
Minces and Département de Génie Physique, École Polytechnique de Montréal, Québec, Canada

To cite this Article Popovici, D. , Meunier, M. and Sacher, E.(1999) 'Laser-Enhanced Gas Phase Surface Modifications of
Teflon AF1600 for Increased Copper Adhesion', The Journal of Adhesion, 70: 1, 155 — 165
To link to this Article: DOI: 10.1080/00218469908010492
URL: http://dx.doi.org/10.1080/00218469908010492

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713453635
http://dx.doi.org/10.1080/00218469908010492
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J.  Adhesion, 1999, Vol. 70, pp. 155- 165 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1999 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Gordon and Breach Science 
Publishers imprint. 

Printed in Malaysia. 

Laser-Enhanced Gas Phase 
Surface Modifications of Teflon 
AF1600 for Increased Copper Adhesion* 

D. POPOVICla, M. MEUNIERb and E. SACHERb" 

alNRS-Energie et Materiaux, 1650 boulevard Lionel-Boulet, 
Varennes, Quebec, J3X 1S2, Canada; 
bGroupe de Recherche en Physique et,Technologie des Couches Minces 
and Departernent de Genie Physique, Ecole Polytechnique de Montreal, 
C.P 6079, Succursale Centre-Ville, Montreal, Quebec, H3C 3A7 Canada 

(Received 15 June 1998; In final form 17 December 1998) 

Multilevel interconnect devices, made of alternating layers of a low permittivity polymer 
(e.g., Teflon AF16OOTM) and a low resistivity metal (e.g., copper), are increasingly being 
used in microelectronics in order to decrease the RC signal transmission time delay. The 
mechanical stability of the multilevel interconnects is related to the adhesion developed 
at  the metal-dielectric interface. Since Cu/Teflon AFI 600 adhesion is moderate and 
may not satisfy the requirements of the microelectronics industry, new treatments of the 
fluoropolymer surface are needed to improve it. In this note, we present several surface 
modifications, such as the formation of reactive sites during intense X-ray exposure, and 
S- or N-grafting, activated by UV radiation in the presence of H2S and NH3; copper is 
well known to react with both thiols (R-SH) and amines (R-NH2) to form strong 
bonds. Both X-ray exposure and N-grafting lead to enhanced adhesion. 

Keywords: Adhesion; copper; fluoropolymer; excimer laser; X-ray damage 

INTRODUCTION 

The semiconductor industry requires higher speed III/V-based semi- 
conductor structures for use in Ultra Large Scale Integration (ULSI). 
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This requires that the signal transmission times through the multilayer 
devices which connect them must be reduced to values substantially 
below the inherent transistor signal transmission times. Because the 
signal transmission time through a multilayer device is simply RxC, 
where R is the resistance along the metal line that the signal traverses 
and C is the capacitance of the surrounding insulator, R may 
conveniently be lowered by replacing the presently-used metal, Al, by 
one of lower resistivity, such as Cu; in a similar fashion, C may 
conveniently be lowered by replacing the presently-used insulator, 
SiOz or polyimide, by one of lower permittivity, such as a fluoro- 
polymer. 

A problem with the use of Cu and fluoropolymers is that they both 
react with difficulty, yet interfacial reaction is necessary to provide 
the adhesion necessary to overcome the effects of interfacial stresses. 
These stresses arise because each component, Cu and fluoropolymer, 
has hygroscopic and thermal expansion coefficients which differ sub- 
stantially from one material to the other; the relief of these stresses 
through mechanical distortion can result in a loss of interfacial adhe- 
sion, capable of destroying the device. 

In a recent paper [l], we showed that the interfacial adhesion 
developed on the evaporative deposition of Cu onto DuPont Teflon 
AF 1 600TM is substantially less than that of Cu deposited onto plasma- 
deposited fluoropolymers, and may not satisfy the needs of the 
semiconductor industry. On the other hand, Teflon AF1600 is an 
attractive candidate for a lower permittivity insulator and has the 
advantage that it is soluble in organic solvents and, thus, is capable of 
being deposited by spinning. Adhesion to Teflon AF1600 may be 
improved by the presence of chemical groups at the Teflon surface, 
such as thiols (R-SH) and amines (R-NHz), which react with Cu. 
Here we explore several such possibilities: the production of surface 
reactive species on controlled X-ray damage, and the grafting of 
reactive groups to designated areas of the polymer surface through the 
UV laser exposure of the reactive gases H2S (thiol) and NH3 (amine). 

Copper films, 1500A thick, were deposited by evaporation, and 
their adhesion to Teflon AF1600 was evaluated by microscratch test- 
ing. lnitial results presented here are discussed in terms of chemical 
interfacial reactions analyzed by XPS and resulting changes in adhe- 
sion modification characterized by microscratch testing. 
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EX PER1 M ENTAL 

Teflon AF1600 was purchased from DuPont as a clear solution 
containing 12% solids. After 75% dilution with Sigma Fluorinert 
FC-77TM, it was spun onto a freshly cleaned Si wafer at 4000 rpm. The 
samples were left to dry at room temperature before sequential anneal- 
ing at 110, 165 and 330°C, as recommended by the manufacturer [2]. 
Teflon thicknesses of 1 to 2mm were obtained. 

Our VG ESCALAB 3 Mark I1 XPS instrument has a spectral resolu- 
tion of 0.7eV using Mg K, radiation at 1253.6eV, and a working 
pressure of l O-' Torr. After background subtraction, peak separations 
were performed with a nonlinear least mean squares program develop- 
ed in our laboratory, using individual peaks with FWHM and 
Gaussian/Lorentizian ratios similar to those determined by us for 
other fluoropolymers. 

X-ray irradiation was performed in the analysis chamber of our 
VG ESCALAB. For surface modifications, an X-ray power of 240 W 
(12 kV and 20 mA) was intentionally used for 30 minutes. During ex- 
posure, surface degradation was monitored using XPS analysis of 
the Cls high resolution peak at a much lower power of 100 W, known 
not to degrade the substrate [3]. After irradiation, the samples were 
transferred to the preparation chamber for Cu deposition, without 
exposure to the atmosphere. 

Excimer laser irradiation (1800 pulses at 190 mJ/cm2) in two dif- 
ferent environments, H2S and NH3, took place in a specially-con- 
structed stainless steel chamber using a LUMONIX TE861S KrF 
(248nm) pulsed laser. The H2S and NH3 gas sources were directly 
connected to the reaction chamber at atmospheric pressure and a gas 
flow of about 500 sccm was used. Irradiated samples were transferred 
to the XPS preparation chamber for Cu deposition, using a nitrogen- 
filled transfer vessel. 

Cu deposition was performed in the preparation chamber of our 
ESCALAB, using an electron beam evaporator of the Waldrop and 
Grant [4,5] type at an initial pressure of 2 x lo-' Torr. The thickness 
of the deposited copper was measured by a SYCON quartz crystal 
monitor placed near the sample and was found to be about 1500 8. 

The MST microscratch tester, made by CSEM (Switzerland), was 
used to evaluate the practical adhesion of Cu films. A hemispherical 
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indenter (0.8mm in diameter) was linearly loaded at lON/min, at a 
fixed displacement speed of 5 mm/min across the sample. The critical 
load, at which a consistent delamination was observed by microscope, 
was used as a measure of adhesion strength. 

RESULTS AND DISCUSSIONS 

a) X-ray Irradiation 

Figure 1 compares the Cls high-resolution spectra of original and in- 
tentionally X-irradiated Teflon AF 1600. The degradation on irradia- 
tion was previously analyzed and discussed [3]. What was found was a 
loss of fluorine, graphitization, crosslinking and free radical formation 
at the interface. It is the reaction of Cu at this surface which is being 
studied here. 

b) UV Irradiation 

Initial testing of the effect of laser irradiation on the Teflon AF1600 
substrate was carried out in the presence of both pure Ar and pure 0,; 
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FIGURE 1 
inset shows the Teflon AF1600 repeat unit. 

Typical Cls spectra of original and X-ray irradiated Teflon AF1600; the 
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COPPER ADHESION 159 

XPS showed that the substrate was unaffected in either case, indicating 
no detectable chemical changes of the substrate at this laser energy. 
These gases were replaced by pure H2S and pure NH3, and laser radia- 
tion was used to fragment these gas molecules into more chemically- 
reactive species, which might then graft onto the Teflon AF1600 
surface to produce active thiol and amine sites for bonding with Cu. 

H2S 

A typical XPS survey spectrum of Teflon AF1600, after exposure to 
excimer laser radiation in a H2S atmosphere, is presented in Figure 2. 
It shows the presence of sulfur, which higher resolution showed to be 
uniquely elemental. That is, H2S decomposed in the laser beam to give 
elemental S, which coated the entire inside of the reaction chamber, 
and H2; XPS showed that the polymer surface was not attacked. The 
elemental sulfur, which did not chemically bond to the Teflon surface, 
sublimed from the XPS analysis chamber under the vacuum; as is seen 
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in the inset to the Figure 2, the S2p/Cls ratio decreased continuously 
with exposure time. 

NH3 

Figure 3 shows a high resolution Nls  spectrum obtained on laser 
radiation in the presence of NH3, and its separation into two peaks, 
one at 398.4eV and the other at 397.1 eV. The original peak attribu- 
tions, for untreated Teflon AF1600, were made in Ref. [6]. The Cls 
peak separation, after irradiation in the presence of NH3 and sub- 
sequent to satellite subtraction, is presented in Figure 4; it indicates 
that two new peaks were formed, at 286.2eV and 284.4eV, at the 
expense of the original peaks 1 and 3 which have been attributed to 
sites 1 and 3, respectively, in the inset to Figure 1. Peak ratio intensities 
of the newly-formed C-N bonds were about 0.75 in both the Nls 
and Cls  spectra (i.e.,  I[286.2 eV] : I[284.4 eV] - I[397.1 eV] : I[398.4eV], 
where I[B.E.] is the integrated intensity of the peak centered at 

Binding Energy ( e V )  

FIGURE 3 
similar to those in Fig. 2) in an NH3 atmosphere. 

Peak deconvolution of the Nl s  spectrum after laser irradiation (conditions 
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FIGURE 4 Cls spectrum and its deconvolution after NH3 treatment. Two new peaks 
are formed at  the expense of original peaks 1 and 3; the corresponding carbons are 
presented in the repeat unit (Fig. 1). Note that the peaks are numbered in order of 
decreasing binding energy, a more logical approach than the random numbering used in 
Ref. [6 ] .  The inset shows the Cls spectrum before satellite subtraction. 

B.E. eV). Their relative concentrations, when corrected by their 
sensitivity factors [7] and probe depths [8], as shown in Table I, were 
within 5%,  well within experimental error. The purpose of the sensiti- 
vity factor correction is to convert intensity to relative concentration 
and the purpose of the probe depth (i.e., 3x electron mean free path) 
correction is to convert the relative concentrations to those at unit depth. 

This analysis indicates that N is bonded only to C at positions 1 
and 3. 

TABLE I Sensitivity factors and mean free paths for N l s  and Cls spectra 

XPS peak Nls CIS 

Sensitivity Factor 
Mean Free Path (A) 

0.42 
13 

0.25 
15 
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c) Adhesion Measurements 

The microscratch test results, presented in Figure 5, show a 25% 
improvement in adhesion in the case of X-ray treated surfaces, pre- 
sumably due to Cu reaction with the free radicals and other reactive 
species formed. As expected, no detectable adhesion change was 
observed in the case of H2S because the elemental sulfur does not 
chemically react with the Teflon surface. The microscratch test did 
not provide information regarding the NH3-treated Teflon AF; 
however, visual analysis of the film scratch (Fig. 6) showed an abrupt 
fracture below the deposited copper layer. Thus, the failure mode 
analysis indicates that the delamination took place in the bulk Teflon, 
below the interface, demonstrating that the Cu adhesion to the Teflon 
AF1600 was stronger that the cohesion of the Teflon AF1600; the fact 
that it was a large flake which delaminated suggests that interfacial 
hardening may have occurred, although this is not evident by XPS. 

d) Mechanism of N-grafting 

In the absence of reactive gases, the 248nm laser beam had no effect 
on the polymer substrdte surface. This is due to the fact that its energy 

+ 
Reference X-ray 

+ 

H2S 

f 

NH3 

FIGURE 5 
Teflon AF1600 surface. 

Microscratch test adhesion comparison for different treatments of the 
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FIGURE 6 Failure mode of copper film fracture at the NH3-treated Teflon AF1600 
surface, taken at 5x, indicating strong interfacial adhesion and interface hardening. Note 
the abrupt widening of the scratch and the exposure of the Teflon substrate. (See Color 
Plate 1). 

is lower than that of the C-F bond, about 485 kJ/mole [9]. However, 
at  energies higher than that of the C-F bond, fluoropolymers are 
readily attacked by 0 2  [ 10 - 121, hydrazine [ 13,141 and triethylamine 
[15], indicating that the attack is initiated by the generation of sub- 
strate free radicals through the breaking of the C -F bond. 

Despite the fact that, in the present case, no C-F bonds were 
broken, reaction took place. Similar reactions have previously been 
observed for both NH3 [ 161 and triethylamine [ 171, which clearly indi- 
cates that, in such cases, reaction is due to the laser-induced generation 
of highly reactive N-containing free radicals in the gas phase, which 
then attack the substrate. While it is conceivable that any free radical 
remaining on the substrate surface might react with nitrogen gas 
during transfer to the XPS apparatus in the nitrogen-filled transfer 
vessel, we have found [I81 that even the intentional production of large 
amounts of free radicals, and their subsequent exposure to air, leads 
to both oxygen and nitrogen surface species detectable only by the 
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extreme sensitivity of static SIMS. In the case of the fragments 
produced from H2S, reaction with the substrate was energetically far 
less favorable than reaction among the fragments, indicating why only 
elemental S was formed. 

CONCLUSIONS 

In situ X-ray irradiation, and excimer laser exposure, in both H2S 
and NH3 atmospheres, were used in an attempt to induce chemical 
modifications of the Teflon AF1600 prior to copper deposition. XPS 
analysis indicated surface degradation (free radical formation, graphi- 
tization) for the X-ray exposed samples, and the grafting of nitrogen- 
containing groups in the case of excimer laser radiation in a NH3 
atmosphere. The superficial deposition of elemental sulfur, in the case of 
excimer laser radiation in a H2S atmosphere, did not lead to surface 
grafting. Adhesion testing demonstrated a 25% increase of interfacial 
adhesion following X-ray treatment and a significant, but unmeasur- 
able, adhesion enhancement in the case of N-grafted surfaces. 
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