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Effect of UV wavelength on the hardening process of porogen-containing and porogen-free ultralow-k plasma-enhanced chemical vapor deposition dielectricsa… Adam M. Urbanowicz,b兲 Kris Vanstreels, Patrick Verdonck, Els Van Besien, Trompoukis Christos, Denis Shamiryan, Stefan De Gendt,c兲 and Mikhail R. Baklanov imec, Kapeldreef 75, B-3001 Leuven, Belgium



共Received 1 December 2010; accepted 8 March 2011; published 29 March 2011兲 The effect of narrow-band 172 nm and broad-band ⬎200 nm UV sources in the new curing scheme of the plasma-enhanced chemical vapor deposition 共PECVD兲 dielectrics is studied. The new curing scheme is based on porogen removal 共organic sacrificial phase introduced to generate open porosity兲 from PECVD dielectric before its final UV curing. The results are compared with the PECVD films fabricated in the conventional scheme in which porogen is still present during the UV curing. The same curing time of porogen-containing conventional PECVD films with 172 nm and ⬎200 nm UV sources results in only 10% difference in their Young’s modulus 共YM兲: 5.84 and 5.32 GPa, respectively. However, the porogen-free films cured with 172 nm UV source show a YM of 6.64 GPa 共k100 kHz ⬃ 2.2, 44% open porosity兲, approximately twice as large as those cured with ⬎200 nm UV having a YM of 3.38 GPa 共k100 kHz ⬃ 2.0, 48% open porosity兲. The mechanical properties, optical properties in the range of 150–800 nm, dielectric constants at 100 kHz and 4 GHz, porosities, pore size distributions, and bonding structure are evaluated. The impact of porogen on optical characteristics and, therefore, on the photochemical UV-hardening mechanism is discussed. The achieved mechanical properties are explained on a basis of the percolation of rigidity theory and random network concepts. © 2011 American Vacuum Society. 关DOI: 10.1116/1.3572063兴



I. INTRODUCTION The ITRS scaling of ultralarge-scale integrated circuits requires mechanically robust materials with ultralow k-value. Porous organosilica low-k materials with k-values between 2.4 and 3.0 are recently used in the Cu/low-k integration manufacturing scheme.1 One of the limiting factors in further reduction of k-value is lack of mechanical robustness since a major way to decrease the k-value is by increasing the material porosity.2 The microelectronic industry uses two different deposition approaches of the porous low-k dielectrics: spin-on 共from liquid solutions/gels兲 and plasma-enhanced chemical vapor deposition 共PECVD兲. The spin-on approach is well explored;3 the low-k dielectrics with a wide range of porosity up to 99% have been achieved using various ways to introduce porosity, e.g., silica-particle nanotemplating,4 sacrificial-porogen method, or templated sol-gel polymerization of bridged silsesquioxane precursors.5 In contrast, PECVD low-k films are less explored but presently they are more popular in microelectronic due to the better compatibility with technology requirements.6–9 The introduction of porosity into PECVD ultralow-k dielectric is mainly realized by using sacrificial porogens.10 The matrix material is deposited a兲
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by oxidation of alkylsilanes in a PECVD process. The porogen molecules, usually cyclic hydrocarbons, are introduced into a SiOCH film by codeposition with the matrix material.11 To create porosity, the porogen is removed from the films using UV-assisted-thermal curing. The porogen molecules are photodissociated by UV light with the formation of volatile hydrocarbons and nonvolatile carbon-rich porogen residues 共PRs兲. Although the porogen is needed to introduce porosity in the PECVD dielectrics, the PR has a negative impact on the fundamental properties of low-k films and their industrial processing compatibility. The presence of PR with conjugated C v C bonds increases the leakage current and decreases the breakdown voltage of these materials 共uC v C u C v C u C v Cu is a classical conducting polymer兲.12,13 We showed recently that SiOCH glasses with improved mechanical properties and ultralow-k value can be obtained by controlled decomposition of the porogen molecules prior to the UV-hardening step.14,15 The elimination of the mechanically soft PR phase from the low-k not only improves its electrical characteristic but also its mechanical properties. The controlled removal of porogen prior to UV curing can be performed by H2-based afterglow plasma treatment of the PECVD dielectric.14,16 However, the UV-curing effects on the organic-free films are expected to be different from those for the conventional organic-containing films. This difference is mainly due to change in optical characteristic of the PECVD films after complete porogen removal. This paper focuses on the importance of UV wavelength
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TABLE I. Scheme of experimental treatments of the low-k films. The abbreviation ALK stands for advanced low-k. The “A” letter stands for films cured with 172 nm NB-UV, while the letter “B” stands for films cured with BB-UV source.



Film As deposited H2-AFT only 172 nm UV 200 nm UV H2-AFT+ short 172 nm UV 共ALK A兲 H2-AFT+ 172 nm UV 共ALK A兲 H2-AFT+ 200 nm UV 共ALK B兲



H2-afterglow treatment time 共s兲



Narrow-band 172 nm UV-treatment time 共s兲



Broad-band 200 nm UV-treatment time 共s兲



¯ 350 ¯ ¯ 350 350 350



¯ ¯ 166 ¯ 120 166 ¯



¯ ¯ ¯ 166 ¯ ¯ 166



used for the organics-free film hardening. For this purpose we compared the effect of two UV-curing lamps on porogencontaining and porogen-free films. II. EXPERIMENT A. Materials and experimental procedure



The organosilica matrix was codeposited with organic porogen by PECVD on 300 mm Si wafers at 300 ° C. Seven low-k films with thicknesses of approximately 120 nm were obtained as described elsewhere.17 One film was taken as a reference and the remaining six films were treated with H2-afterglow treatment 共AFT兲 and/or UV cured with two UV lamps as shown in Table I. The H2-AFT treatments were performed at a wafer temperature of 280 ° C using 350 s of the He/ H2 20:1 downstream microwave plasma treatment in a 300 mm asher from Lam Research. He gas was used to dilute H2 and increase its dissociation efficiency. The pure H2 afterglow has a similar effect on the low-k films except that the depth of porogen removal is lower due to the lower H radical concentration. The effect of UV radiation from the plasma area was canceled by the special design of the chamber. The initial thickness of the film of 120 nm was chosen to obtain complete porogen removal from the films. The depth of porogen removal by H radicals is limited 共saturates logarithmically with treatment time兲 due to their recombination on the pore walls and initial pore size of the film.16,18,19 The maximal achieved porogen removal depth of 160 nm for studied materials was also reported in the literature.14,15 The UV-curing procedure was performed using a narrow-band 共NB兲 excimer UV source with maximum intensity at 172⫾ 15 nm and broadband 共BB兲 200 nm UV lamps with emission lines in the range of 200–600 nm. The NB-UV curing was performed in N2-ambient at temperatures close to 430 ° C and the BB-UV curing in a He/Ar ambient at 400 ° C. B. Metrology



The surface hydrophobic properties before and after the plasma treatments were evaluated using water contact angle 共WCA兲 measurements. Optical properties were determined by spectroscopic ellipsometry 共SE兲 in the spectral range of



150–895 nm at an incidence angle of 70° using Aleris SE from KlaTencor. The calculated ellipsometric angles are compared to the measured ones, and the model parameters are adjusted by regression using a nonlinear minimization procedure based on the Marquardt–Levenberg algorithm. The regression is satisfactory when the average square deviations between calculated and measured ellipsometric angles divided by the experimental errors reach a minimum. In the calculations a model was considered consisting of air, a single investigated layer, and an infinitely thick silicon support. Flat and sharp interfaces were assumed. The optical models were constructed as described in the literature.20 First, the real part 共n兲 of the complex refractive index 共n˘ = n + ik兲 and the thickness were calculated with the Cauchy parameters in the transparent wavelength region 共400–800 nm兲 for the measured ellipsometric angles at an incident light angle of 70°. Then, the Lorentz oscillators were gradually added to fit the model in the nontransparent region. Once the model reached the minimum error, point-by-point calculations were performed at wavelength in the range of 150–895 nm. It is important to mention that the validity of the widely used Cauchy model n共兲 = n0 + n1 / 2 + n2 / 4 for the refractive index dispersion is limited due to nonzero absorption in the near ultraviolet, and the misuse of the Cauchy model 共without the Lorenz oscillators兲 may lead to systematic errors of thickness measurements. This might occur in the case of organic-containing low-k dielectrics such as porogen or porogen residue rich films. Indeed, additional experiments confirm that thickness and optical properties differed when to compare simple Cauchy model with model based on Lorenz oscillators. This difference for thickness was less than 5%. However, in the case of organic-free films such as H2-AFT or H2-AFT with subsequent UV curing, thicknesses and real part of refractive index fitted with the latter mentioned models remain comparable. The difference in thickness was less than 1%. This is due to low optical absorption in the studied UV range if to compare with porogen. The more detailed work related to challenges of UV ellipsometry of low-k dielectric can be found in the literature.21The mass change related to plasma treatments was measured by mass balance metrology on 300 mm wafers 共Metrix: Mentor SF3兲. The
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open porosity and pore size distributions 共PSDs兲 were evaluated using ellipsometric porosimetry 共EP兲.22 Mechanical properties, Young’s modulus 共YM兲, and hardness of the low-k dielectric films were measured using a Nanoindenter XP® system 共MTS Systems Corporation兲 with a dynamic contact module and a continuous stiffness measurement option under the constant strain rate condition. A standard three-sided pyramid diamond indenter tip 共Berkovich兲 was used for the indentation experiments. As the indenter tip is pressed into each sample, both depth of penetration 共h兲 and the applied load 共P兲 were monitored. The YM values of thin organosilica glass could be influenced by the Si substrate effect. The Si substrate effect might vary depending on film thickness. In order to exclude potential error in YM values, films with different thicknesses were investigated in the previous study.14 The more detailed discussion about nanoindentation 共NI兲 measurement of thin porous low-k dielectrics is also reported in the literature.23,24 The dielectric constants of the films at 100 kHz and 4 GHz were evaluated using two methods. The first method was a conventional metal dot 共MD兲 technique as described elsewhere.25 MDs of three dimensions of 100⫻ 100, 200⫻ 200, and 1000⫻ 1000 m were deposited on low-k dielectric by e-beam evaporation of Pt. Such prepared Pt/low-k/Si structures were used as metaloxide-semiconductor 共MOS兲 capacitors. Measurements were performed in the series mode at 100 kHz by the impedance analyzer HP4284A precision LCR meter at MOS accumulation. For each sample, three dot sizes were measured to verify that the capacitance scaled with dot area and further estimate the measurement error which is typically lower than 2%. The k-value 共k兲 was extracted from the measured capacitance by using the well-known formula of the parallel plate capacitance. This capacitance was measured at room temperature and atmospheric pressure. The second k-value measurement method was near-field scanning microwave probe 共NSMP兲, where k-vales were determined at 4 GHz 共in comparison to conventional frequency of 100 kHz兲. Near-field scanning microwave probe 共NSMP兲 is noncontact capacitance measurement at microwave frequency.26,27 The NSMP uses microwave radiation transmitted through the material to evaluate its capacitance at 4 GHz. The capacitance of the film with known thickness can be recalculated into k-value at 4 GHz. The near-field probe is a half-lambda parallel strip transmission line resonator 共PSR兲. PSR is microfabricated from a quartz bar tapered down to a few micron tip size and sandwiched between two aluminum strips. The PSR is mounted inside a metallic sheath with the tip protruding out via an opening in the sheath wall and operates in a 4 GHz balanced odd mode. The near-zone field is mostly confined in between the Al strips. The tip sampling E field 共similar to the fringe field of a parallel plate capacitor兲 forms a well-confined “cloud” with a characteristic dimension on the order of the tip size of 50 m. When a dielectric sample is brought in close proximity to the tip, the reactive energy stored in this field is reduced, and consequently the probe resonant frequency decreases. Since the tip is much smaller than the radiation
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wavelength, a lumped element network can be used to describe the tip-sample interaction and therefore the sample k-value. All 4 GHz k-values were measured at room temperature and atmospheric pressure. Fourier transform infrared 共FTIR兲 measurements were performed using Nicolet 6700 FTIR spectrometer from Thermofisher with a resolution better than 1 cm−1, averaging 64 spectra within the 400– 4000 cm−1 range. In every measurement performed for the spectra acquisition, the background spectrum and the substrate spectrum 共that of Si wafer兲 were subtracted. III. RESULTS AND DISCUSSION In this paper, we discuss the influence of the optical properties of the films on UV-curing process in the newly proposed PECVD fabrication scheme. The new PECVD fabrication scheme is based on the porogen removal prior to UV curing in contrast to conventional UV curing in the presence of porogen.14,15 The porogen removal significantly changes the optical properties of the film and consequently impacts also its UV-curing process. The discussion contains three major parts. The first part is devoted to the optical properties of porogen-containing and porogen-free films and their effect on UV curing with two different UV sources. The second part discusses the obtained mechanical characteristics and their dependence on UV-curing wavelength. Finally, the third part reports the electrical characteristics of the achieved PECVD dielectrics. A. Effect of porogen removal on optical properties and UV-curing process of the PECVD dielectrics



The UV-irradiation effects on the porogen-free films are expected to be different from that on the porogen-rich films. This is due to lack of organic porogens 共aromatic hydrocarbons兲 in porogen-free films. The organic porogen removal results in reduced film absorption in the UV range. Therefore, less photochemical reactions could be initiated during the UV curing, thus limiting its effect. Photochemical reactions are governed by the Grotthus–Draper and Einstein– Stark laws.28 The Grotthus–Draper law states that only the light that is absorbed can be effective in producing photochemical change. Therefore, a lower film absorption of UV light should result in a lower UV-curing effect. To demonstrate the change of the film absorption in the UV range after porogen removal with H2-AFT we used UVSE. Figure 1 shows the extinction coefficient of porogen-rich and porogen-free films in the range of 150–600 nm. The extinction coefficient is proportional to the film absorption. It is clear that after the porogen removal the film extinction above 170 nm and, thus, its absorption drastically drop. These drops are due to organic porogen removal; similar observations were also reported and discussed in detail in the literature.14,21 Another challenge, besides the UV absorption, is related to direct photodissociation of the chemical bonds in the low-k structure by UV light. In the first approximation, low-k material contains energetically strong Siu O bonds as
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FIG. 1. 共Color online兲 Extinction coefficients 共150–600 nm兲 as measured by UV-SE of as deposited PECVD film and porogen-free PECVD film 共treated with 350 s of H2-AFT兲. The dotted line denotes Siu CH3 photodissociation threshold. The brackets on the top of the graph indicate spectral range of the UV sources used for curing.



well as weaker C u H 共from terminal uCH3 groups兲 and Siu CH3 bonds. The Siu O bonds are mostly responsible for the mechanical stability of a film; in contrast, the less polar Siu CH3 bonds provide the hydrophobic properties to the low-k material and its lower dielectric constant. The Siu CH3 groups can be directly photodissociated by the UV light in the studied range of 150–190 nm, while Siu O bond



032201-4



photodissociation requires shorter than 150 nm UV wavelengths or significantly higher light intensity.29 The direct Siu CH3 bond photodissotiation has been reported to be determined by excitation to a singlet state that requires energy in the range of 190–200 nm.30,31 The Siu CH3 photodissociation threshold around 190 nm is marked by dotted line in Fig. 1. Considering the UV-light absorption of porogen-free films and the photodissociation threshold for Siu CH3 bonds, two UV sources are selected for UV curing. The first one is a BB-UV source with UV-light distribution in the range of 200–600 nm. The second UV source is a NB excimer lamp with maximum intensity at 172⫾ 15 nm. The light distributions of both BB- and NB-UV sources are marked in Fig. 1. The BB-UV source emits light that is less absorbed in the porogen-free low-k film in comparison with porogen-rich low-k film. Moreover, the BB-UV source cannot cause direct Siu CH3 photodissociation. In contrast, the light generated by the NB-UV source is more efficiently absorbed in the porogen-free film in comparison with the BB-UV source. Furthermore, direct photodissociation of Siu CH3 can occur due to the more energetic light generated by the NB-UV source that is shorter than 190 nm 共below the Siu CH3 photodissotiation threshold兲. Therefore, UV-curing effects with both UV sources are expected to be fundamentally different. In order to investigate the effect of curing on porogen-rich and porogen-free films, first we studied their optical properties by UV-SE as shown in Fig. 2. The refractive index 共n兲 and the extinction coefficient of the as deposited film 共porogen-rich兲 are the highest due to the high porogen content. The high extinction coefficient reflects the amount of PRs, while the material porosity is more reflected in the refractive index 共n of air is ⬃1兲. After the UV curing of all the



FIG. 2. 共Color online兲 Optical properties 共150–900 nm兲 of differently prepared PECVD low-k dielectrics as measured by UV-SE: as deposited film 共matrix porogen兲; as deposited matrix-porogen films cured with and without porogen by 172 nm NB-UV light and 200 nm BB-UV. J. Vac. Sci. Technol. B, Vol. 29, No. 3, May/Jun 2011
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TABLE II. Summary of the characteristics of the achieved films. Mass loss was extracted by measuring the mass of 300 mm wafers before and after film processing.



Film



Open porosity 共%兲



RI at 632 nm



k at 100 kHz



k at 4 GHz



YM 共GPa兲



H 共GPa兲



Mass loss 共mg兲



Th loss 共%兲



9 46 32 27 45 44 48



1.476 1.254 1.369 1.363 1.241 1.242 1.235



2.90 2.00 2.40 2.40 2.10 2.20 2.00



2.91 2.18 NA NA NA 2.28 2.05



8.46⫾ 0.65 2.72⫾ 0.21 5.84⫾ 0.40 5.32⫾ 0.33 5.43⫾ 0.35 6.64⫾ 0.61 3.85⫾ 0.38



0.72⫾ 0.08 0.30⫾ 0.03 0.58⫾ 0.04 0.50⫾ 0.05 0.62⫾ 0.05 0.69⫾ 0.06 0.46⫾ 0.05



¯ 3.7⫾ 0.1 2.6⫾ 0.1 2.5⫾ 0.1 NA 4.2⫾ 0.1 4.1⫾ 0.1



¯ 1.5 10.8 9.2 14.5 17.5 7.3



As deposited H2-AFT Reference, 172 nm Reference, 200 nm H2-AFT+ short 172 nm UV H2-AFT+ 172 nm UV H2-AFT+ 200 nm UV



films the n value drops due to a porosity increase. The UV curing partly removes the porogen embedded into the porogen-rich films. Moreover, the extinction coefficient drops and new extinction peaks in the range of 200–300 nm appear. According to the recent data16,21 the extinction peaks located between 200 and 300 nm are related to the presence of amorphous sp2 C-like PR. The PR is generated as a result of cross-linking of part of the porogen in the porogen-rich films during UV curing. Therefore, the difference in the absorption spectra of these films is mainly related to the different amounts of PR. However, if the porogen is absent during UV curing, the PR cannot be generated. Indeed, the extinction of porogen-free films 共treated with H2-AFT兲 is very low—close to SiO2-like film. This demonstrates that both NB- and BB-UV curings of porogen-free films result in PRfree films. Furthermore, the n of both films is significantly lower, which indicates the greater porosity compared to the films UV cured with porogen. For instance, in rough approximation porosity of the films can be estimated using the Lorentz–Lorenz 共LL兲 equation.22 This can be done assuming that n of the skeleton is equal to the n of SiO2 共nSiO2 ⬃ 1.46 at 632 nm兲, n of pore volume is equal to value for air 共nair ⬃ 1 at 632 nm兲, and final n at 632 nm is as shown in Table II. The LL porosities of the films cured without porogen would be 44% for NB-UV and 46% for BB-UV, while porosities of the films cured with porogen would be 18% for NB-UV and 19% for BB-UV. Those porosity values are obviously underestimated due to fact that the presence of organics in the skeleton such as Siu CH3 groups or PR increases its n value 共that becomes higher than for SiO2 that would give higher porosity levels for LL calculations兲. However, this rough approximation clearly shows that low n of the films cured without porogen mainly reflects their increased porosity. This also suggests more efficient organic removal for H2-AFT + UV cure in comparison with the UV cure only. In the next sections we will investigate the effects of BB and NB curings on mechanical properties of the achieved films.



low-k. The mechanism of the bond rearrangement strongly depends on the UV wavelength used for curing.31,35 As discussed in Sec. III A, two UV sources have been chosen such as that 172 nm NB source can cause direct Siu CH3 photodissociation in contrast to a less energetic 200 nm BB source. The direct Siu CH3 photodissociation results in more crosslinking opportunities for the film skeleton due to generation of active silyl states. The active silyl states can react with another silyl state or silanol 共Siu OH兲.19,36 This leads to creation of Siu O u Si links in the skeleton of the film, and, therefore, improves cross-linking. This mechanism will have more importance for films cured without porogen. Decomposed porogen fragments such as C and H or CHx radicals can participate in the photochemical reaction with low-k skeleton bonds and lead to the termination of active sites preventing formation of Siu O u Si cross-links. In order to verify the above statements we studied the cross-linking degree of all films. One of the film crosslinking signatures is its shrinkage after UV-curing process. The shrinkage is reflected in thickness loss of the film 共measured by UV-SE兲 after UV irradiation as shown in Fig. 3. One can see that irradiation of the porogen-containing and porogen-free films by the 172 nm NB-UV source leads to thickness loss that is higher than for the 200 nm BB-UV curing. This indicates that the degree of film cross-linking is



B. Mechanical properties



Besides porogen removal, typical UV curing of PECVD low-k material improves its Young’s modulus and hardness.32–34 The improvement of mechanical properties is due to thermoinduced and photoinduced rearrangement in the bonding structure 共cross-linking兲 of the SiCOH-based



FIG. 3. 共Color online兲 Thickness loss 共shrinkage兲 as measured by UV-SE. The H2-AFT treated 共porogen-free兲 film and films cured with and without porogen are compared.
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FIG. 4. 共Color online兲 Young’s modulus as measured by NI vs open porosity as measured by EP of porogen-free film 共H2-AFT treated兲 and films cured with and without porogen. The arrows indicate the UV source used for curing, of porogen-rich, and porogen-free films.



FIG. 5. 共Color online兲 Pore size distribution as measured by EP of porogenfree film 共H2-AFT兲 and films cured with and without porogen. The embedded schematic indicates possible change of film matrix as result of UV curing. The disappearance of micropores due to cross-linkage is also indicated by arrow.



higher for the 172 nm NB-UV source. Moreover, there is a clear difference in the film thickness loss depending on the UV wavelength used for curing. This difference is smaller for the films cured with porogen and higher for the films cured without porogen. For instance, the thickness loss is significantly higher for 172 nm NB-UV compared to 200 nm BB-UV when the films are cured without porogen. Furthermore, the shrinkage is lower when the film is cured without porogen with 200 nm BB-UV. This might indicate less film cross-linking due to its reduced UV-light absorption in the range of 170–600 nm 共Fig. 1兲. The “H2-AFT only” bar reflects the minimal change of thickness when porogen is removed by H2-AFT. This proves that H2-AFT does not cause the film cross-linking. The degree of film cross-linking is reflected by its thickness loss 共Fig. 3兲 and corresponds to the improvement of YM as shown in Fig. 4. Figure 4 shows YM as a function of the open porosity of the film. The porosity is lower when films are UV cured with porogen than without porogen and this trend agrees with change of n values as shown in Fig. 2. This is due to the fact that part of the porogen is converted by UV light into PR as discussed in Sec. III A. Therefore, PR deposition on pore walls decreases the pore radii and the porosity. A similar observation has been reported in the literature.14,16 The achieved values of YM are slightly higher when the porogen-containing films are cured with the 172 nm UV source. On the contrary, the improvement in YM is almost twice as great for 172 nm NB-UV compared to the 200 nm BB-UV if the films are cured without porogen. This shows that the presence/absence of porogen during the UV curing has a strong impact on its result. This is due to a change of the film absorption induced by organic porogen removal and additional cross-linking mechanism due to direct Siu CH3 bond photodissociation. This mechanism is supported by significant reduction of Siu CH3 groups after 172 nm NB-UV curing as shown in Fig. 6. Moreover, the reduction of the



film absorption in the range of 200–400 nm additionally limits the improvement of YM films for UV light longer than 200 nm. In order to get more insight in the cross-linking process of films UV-cured without porogen, we also measured their PSDs by EP. The achieved PSDs were compared with the porogen-free film prior to the UV curing. The results are shown in Fig. 5. After both NB- and BB-UV curings the amount of micropores is reduced. This might be due to crosslinking between closely located bonds as also indicated on an embedded schematic in Fig. 5. Moreover, after UV curing the mean pore size increases and the films become mesoporous 共pore radii of ⬎1 nm兲. This shift of PSD is slightly higher for films treated with 172 nm NB-UV. The shift in the mean pore size might be related to expansion of the bigger pores as a result of the skeleton densification. The achieved mechanical properties of the films cured without porogen can be interpreted within the framework of the continuous random network theory and percolation of rigidity concepts first developed by Phillips37 and expanded upon by Thorpe.38 The percolation of rigidity defines a compositional point in a network where the system transitions from an underconstrained nonrigid state to an overconstrained rigid state. Systems above the percolation threshold would thus be expected to have superior mechanical properties as compared to those below the threshold, owing to the increased structural constraints. The key parameter in this analysis is the average connectivity number 具r典. The connectivity number is the average number of bonds per network forming atom. Network forming atoms have two or more bonds to other network forming atoms, and atoms having only one bond, such as hydrogen, do not contribute to the network and are not counted in the analysis. Dohler et al.39 determined that the percolation of rigidity occurs at an average connectivity number of 2.4 for solids in which all atoms are able to form two or more bonds. This connectivity number of 2.4 for SiOCH materials is realized when only T
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FIG. 6. 共Color online兲 Absorbance bands of Siu CH3 groups as measured by FTIR. The spectra are normalized to the highest Siu O u Si peak amplitude with maximum at around 1105 cm−1. The H2-AFT treated 共porogen-free兲 film and films cured with and without porogen are compared. The arrow indicates shift of Siu CH3 absorbance peak after 172 nm NB-UV curing.



groups 共O w Siu CH3兲 are present in the structural composition of the low-k film.6 This is the case for our films as evidenced by FTIR data 共Fig. 6兲. The important difference is the shift of the Siu CH3 absorption band 共1250– 1300 cm−1兲 of H2-AFT+ UV treated film. This absorption band can vary in position based on the degree of oxidation of the Si atom, with increasing oxidation shifting the absorbance band to higher wave numbers.40 The three most basic possibilities for the configuration are designed as “M” 共⬃1250 cm−1兲, “D” 共⬃1260 cm−1兲, and “T” 共⬃1270 cm−1兲, reflecting either mono-, di-, or trisubstitution of the silicon atom by oxygen.6,40 Therefore, for the H2-AFT+ UV treated glass, the shift of the Siu CH3 absorption band could be explained by the presence of mainly a T-rich structure, indicating the incorporation of more oxygen into the film and potential cross-linking. To prove our statement above we compared the shifts in Siu CH3 group absorbance of porogen-free films cured with 200 nm UV and 172 nm UV as shown in Fig. 6. The 200 nm UV-cured films show significantly lower YM than the 172 nm UV-cured ones. This correlates with almost no shift in the Siu CH3 group absorbance that shows that D groups are still present in the 200 nm NB-UV-cured films. The presence of D groups in the film structure results in its weaker mechanical properties. In contrast, the 172 nm NB-UV-cured films contain only T groups and show almost twice as high mechanical properties for a comparable porosity level 共Fig. 4兲. C. Electrical characteristics



The improved cross-linking of the film results in its greater mechanical properties as discussed in Sec. III B. However, as a result of the cross-linking mechanism during UV curing more Siu O bonds are created while the amount of terminal low-polar Siu CH3 groups is reduced 共Fig. 6兲. As a result, the mechanical properties are improved, but
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k-value of the film skeleton increases due to higher polarizability of the Siu O bonds. Apart from polarizability of skeleton bonds the porosity of the films cured without porogen is increased 共Fig. 4兲 which can result in significant reduction of the film k-values 共kair ⬃ 1兲. The latter statement is true for hydrophobic films. However, there still exists a possibility of hydrophilization of the film as a result of the removal of hydrophobic Siu CH3 terminal groups due to too long UV curing 共overcuring兲. This is due to the fact that Siu CH3 groups can be replaced with hydrophilic Siu OH groups that are thermodynamically favorable 共i.e., active silyl states generated by Siu CH3 group removal can be filled by OH from ambient moisture兲. The presence of Siu OH groups located inside pores attracts H2O molecules from the ambient and this results in significant increase of k-value of the porous film 共H2O k-value is around 80 at 25 ° C at atmospheric pressure兲.41 This hydrophilization mechanism as a result of UV exposure was widely studied and described in the literature.31,35 The superposition of the impacts such as film hydrophilization, porosity increase, and/or removal of low-polar Siu CH3 groups from the skeleton is reflected in the electrical characteristics. To eliminate the possibility that any of the films might be hydrophilized, we measured WCA on the film surfaces. In all cases WCA was higher than 85° indicating that the surfaces remained hydrophobic. Moreover, for the porogen-free and porogen-free films cured by NB- and BB-UV sources, the internal hydrophobic properties were evaluated by water-based EP.42 The results showed that water at saturation vapor pressure 共100% humidity兲 filled 0.9% of the porogen-free film, 1.7% of the 200 nm BB-UV-cured film, and 2.1% for the 172 nm NB-UV-cured film. These values constitute a very small fraction of the film porosity that is in the range of 44%–48% 共Table II兲, and, therefore, the internal pore surface of the films is hydrophobic. Consequently, the electrical characteristics of the films depend on their porosity and on the polarity of the skeleton bonds. In order to study electrical characteristic we used metal dots and NSMP techniques to measure k-values at 100 kHz and 4 GHz, respectively. The achieved results are shown in Fig. 7. The k-value of approximately 2.9 of the as deposited film 共with porogen兲 is the greatest one due to its low open porosity 共around 9%, see Table II兲. This k-value is reduced to about 2.4 for both NB- and BB-UV cures due to partial porogen removal that results in the porosity increase of both films. The porogen removal is also reflected in a mass loss of approximately 2.5 mg as shown in Table II. Even more mass loss of 3.7 mg and significant k-value reduction to about 2.00 at 100 kHz is observed when the porogen from the as deposited films is removed by H2-AFT. The k-value reduction is due to a significant porosity increase from 9% to 46% after porogen removal. The k-value remains 2.00 at 100 kHz after 200 nm BB-UV curing of the porogen-free film. This also corresponds with the amount of low-polar Siu CH3 groups 共Fig. 6兲. Furthermore, according to preliminary results of electrical characterization, BB-UV-cured films 共ALK B, see Table I兲 showed lowest leakage current of less than
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tions since it is a noncontact method which can be used for patterned structures as demonstrated in the literature.27 Moreover, the operational frequencies of typical microprocessors are closer to the 4 GHz than for 100 kHz frequency that is conventionally used for k-value extraction. IV. SUMMARY AND CONCLUSIONS



FIG. 7. 共Color online兲 k-values as measured by metal dots at 100 kHz and as measured by NSMP at 4 GHz. The k-values for all films are compared.



1 nA/ cm2 at 2 MV/cm 共with breakdown voltage in the range of 5–6 MV/cm兲 in comparison with other ultralow-k dielectric with comparable k-value studied at imec.43 This could be achieved by elimination of PR phase from film matrix. However, the k-value increases to around 2.2 at 100 kHz after 172 nm NB-UV curing of porogen-free film 共ALK A, see Table I兲. This increase is accompanied with 2% of porosity reduction and the reduced amount of low-polar Siu CH3 groups 共Fig. 6兲. The UV-curing mechanism with 172 nm NB-UV is very beneficial for mechanical properties of achieved film but results in greater k-value increase than 200 nm BB-UV cure when the same UV-curing time is used. To explore the possibility of fabrication of the films with lower k-values using 172 nm NB-UV we prepared additional film using 33% shorter UV-curing time 共Table I兲. The shorter 172 nm BB-UV-curing time resulted in k-value of 2.1 and YM of 5.43 GPa that is significantly greater than 3.85 GPa for 200 nm BB-UV curing. The shorter 172 nm BB-UVcuring time also resulted in lower film shrinkage, lower porosity decrease 共Table II兲, and Siu CH3 group removal. The change of the latter mentioned characteristics corresponds with lower YM and k-value of the film. Assuming the discussion above, the lowest k-value normalized to YM of the film can be achieved using 172 nm NB-UV curing due to UV-curing mechanism as discussed in Sec. III B. Lowering the k-value of these films is the subject of our future research. The last point is related to comparison of the k-values at 100 kHz and 4 GHz 共Table II兲. Assuming k-value dispersion laws for the SiO2-bases dielectric both values should be comparable. It is still unclear why the k-values at 4 GHz are slightly higher for some films. This might be due to the complexity of NSMP method based on near-field approximations27,44 or specific nature of the studied films. The subject for future research should be compared to the dielectric spectroscopy results in the high frequency range with NSMP results. The NSMP metrology is very attractive for evaluation of dielectric films for microelectronic applica-



The effect of narrow-band 172 nm and broad-band ⬎200 nm UV sources in a new curing scheme of the PECVD dielectrics was studied. It was shown that the UVcuring mechanism of porogen-free films is significantly different from the conventional UV curing with porogen. Films cured with porogen in the classical UV-curing scheme with two evaluated UV sources showed comparable YM, while films cured without porogen demonstrated significantly different mechanical characteristics and no porogen residues. This was due to reduction of the film absorption after the porogen removal in the UV range of 170–500 nm and a direct photodissociation mechanism of Siu CH3 groups. The photodissociation of Siu CH3 groups is only possible with energetic light with a wavelength below 190 nm. This played an important role in the UV curing with 172 nm excimer UV source. The porogen-free films cured with the 172 nm UV source showed almost twice as greater Young’s modulus as the films UV cured with the broad-band 200–600 nm UV source for comparable open porosity levels 共44% vs 48%兲. The 172 nm UV curing with two different times resulted in films with YM of 6.64 GPa per k100 kHz = 2.2 and YM of 5.43 GPa per k100 kHz = 2.1 共33% shorter time兲. The 200–600 nm UV curing allows us to obtain a YM of 3.85 GPa per k100 kHz = 2.0. In summary, the broad-band UV-curing results in better electrical characteristics than the narrow-band 172 nm UV curing. However, the optimization of the narrowband curing has to be also considered due to the advantage of the high YM. As demonstrated, such optimization can be achieved by shortening of the UV-curing time. The improvement of mechanical properties of 172 nm UV-cured films can be explained on the basis of percolation of rigidity theory. The presented method shows the potential for fabrication of PECVD low-k dielectric films with k-values lower than 2.1 for further microelectronic technology nodes. ACKNOWLEDGMENTS The authors would like to acknowledge Ivan Ciofi from imec for helpful discussions and Dario Quintavalle from Semilab for performing NSMP measurements. W. Volksen, D. M. Miller, and G. Dubois, Chem. Rev. 共Washington, D.C.兲 110, 56 共2010兲. 2 K. Maex, M. R. Baklanov, D. Shamiryan, F. Iacopi, S. H. Brongersma, and Z. S. Yanovitskaya, J. Appl. Phys. 93, 8793 共2003兲. 3 H. Y. Fan et al., Nature Mater. 6, 418 共2007兲. 4 M. Ikeda et al., IEEE Interconnect Technology Conference 共IITC兲, IEEE International, 2003 共unpublished兲, Vol. 71. 5 G. Dubois, T. Magbitang, W. Volksen, E. E. Simonyi, and R. D. Miller, International Interconnects Technology Conference, Burlingame, CA, 6–8 June 2005 共unpublished兲. 6 D. D. Burkey and K. K. Gleason, J. Appl. Phys. 93, 5143 共2003兲. 7 H. Li, Y. B. Lin, T. Y. Tsui, and J. J. Vlassak, J. Mater. Res. 24, 107 1
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