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共Received 5 June 2003; accepted 14 October 2003兲 Atomic layer deposition 共ALD兲 of tungsten carbide nitride (WC0.7N0.3) on a low-k 共dielectric constant兲 dielectric aromatic polymer material is investigated. It is feasible to deposit thin WC0.7N0.3 films on polymers, but applying a nitrogen–oxygen 共N2 –O2兲 based plasma to the surface prior to ALD can significantly enhance the growth. The creation of polar surface groups by the plasma treatment is derived from the water contact angle and from O 1s to C 1s peak ratio extracted from x-ray photoelectron spectroscopy. Rutherford backscattering spectra and contact angle measurements revealed a typical ALD growth with at least two successive regimes. The first is controlled by the substrate surface, while during the last a constant amount of ALD material is added with each cycle. The plasma treatments create adsorption sites on the surface and therefore effectively enhance the growth and shorten the duration of the first regime. This observation is attributed to an improved initial ALD precursor adsorption. However, ALD island formation on the treated polymer is not merely a function of the number of available adsorption sites but depends also on the structure and composition of the substrate surface. The minimum thickness of a continuous ALD film is ⬃10 nm on untreated polymer while on top of a N2 rich reactive ion etch plasma-treated polymer the WC0.7N0.3 film becomes continuous between 1.4 and 2.3 nm. © 2004 American Institute of Physics. 关DOI: 10.1063/1.1631070兴



pected when WCN is deposited on copper.5 WCN has shown to have superior performance in preventing the diffusion of copper into the dielectric5 and therefore our study will focus in the growth and properties of WCN barriers. WCN films have been studied on substrates with a siliceous surface, like silicon and silicon dioxide where the reactive sites are reported to be hydroxyl groups. Organic polymers present different surface chemistry and the growth would be predicted to be quite different. ALD TiN film growth was found to occur by distinguishing two regimes, namely a transient regime controlled by the substrate surface that precedes a regime of linear growth characterized by a constant amount of ALD material added in each cycle. A model has been proposed to describe these characteristics.8 ALD film properties are substrate dependent emphasizing the importance of surface preparation as a means of controlling and improving barrier growth.



I. INTRODUCTION



Atomic layer deposition 共ALD兲 is a gas phase deposition technique in which the precursors are introduced alternately in the system. The precursors adsorb saturatively onto surface reactive sites resulting in a film growth mechanism that is self-limiting.1 This characteristic makes ALD deposited layers extremely conformal and therefore a promising technique for deposition of future barrier layers and dielectrics. Different copper diffusion barriers have been deposited by the ALD technique as TiN,2 TaN,3 W,4 WN,4,5 and WCN.6,7 Copper pitting was observed for TiN barriers which is believed to be due to the use of a chlorine containing precursor, TiCl4 . No chlorine precursors are used for in the WCN barriers but fluorine, WF6 . CuF 共g兲 formation is not thermodynamically favorable and therefore no copper pitting is exa兲



Electronic mail: [email protected]



0021-8979/2004/95(1)/381/8/$22.00



381



© 2004 American Institute of Physics



Downloaded 13 Jan 2004 to 146.103.254.11. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



382



Hoyas et al.



J. Appl. Phys., Vol. 95, No. 1, 1 January 2004



Plasma chemistry treatments are a well known means to modify polymer surfaces to improve adhesion related properties by creating reactive groups on the polymer surface.9 N2 /O2 -based plasma treatments have been used to etch polymers and a breakdown of the aromatic ring structure under formation of C–O bonds was observed.10 Hydrophilic groups formed on the surface may act as initial adsorption sites in the very first ALD cycles and thus enhance ALD growth, as shown for TiN on SiC, and on SiOC based low-k 共dielectric constant兲 dielectric.11 In general, low-k films are intrinsically to be considered porous since they are permeable for the precursor gases. In order to guarantee the low-k property, processes to seal the porous low-k film surface are required.12 In connection with chemical vapor deposition techniques possible diffusion of precursors into the film has to be considered. This article deals with the growth and properties of a tungsten based ALD material, WC0.7N0.3 film,13 on polymeric low-k dielectric materials in dependence of the preparation of the substrate surface. II. SAMPLE PREPARATION



Silicon wafers 200 mm were cleaned with a mixture of NH3 共30 wt %兲, H2 O2 共30 wt %兲, and de-ionized H2 O 共in a ratio of 1:1:5兲. An amine type proprietary organosilane adhesion promoter, was applied by spin coating. SiLK-I-36014 resin was spin coated on the adhesion promoter and baked at 325 °C for 60 s in a TEL act 8 SOD clean track. The wafers were cured for 30 min at 400 °C in an ASM A400™ furnace under N2 ambient in order to prevent oxidation of the polymer film. The crosslinking of the SiLK polymer was achieved in this last step. The resulting film thickness was about 410 nm and the refractive index was 1.615 at 633 nm. After polymer film deposition, two different plasma treatments of the crosslinked samples were performed 关here referred to as O2 inductively coupled plasma 共ICP兲 treatment and N2 reactive ion etching 共RIE兲 treatment兴. The O2 ICP treatment is based on an oxygen-rich N2 /O2 downstream inductively coupled plasma (O2 ICP兲 in an Aspen II ICP chamber; and was performed for 4 s at 230 °C and 0.75 hPa. The N2 /O2 ratio of the source gas was 0.005. The second treatment consists of a nitrogen-rich N2 /O2 reactive ion etch plasma (N2 RIE兲 in a Lam TCP 9100 high-density plasma tool with 600 W bias power, and the source operating at 13.56 MHz. The N2 /O2 ratio of the source gas was 5. After the treatment, the untreated wafers and the plasma-treated wafers were kept in a clean-room atmosphere 共class 1兲 for some days before ALD deposition. An ALD™ Pulsar®15 2000 reactor integrated with an automated wafer handling platform 共ASM Polygon™ 8200兲 was used to deposit WC0.7N0.3 . This was achieved according to a ABC, A...-type pulse sequence, where individual A, B, and C each stand for one of the precursors tungsten hexaflouride (WF6 ), triethylborane 关 (C2 H5 ) 3 B兴 , and ammonia (NH3 ), respectively, while ABC represents one deposition cycle producing WC0.7N0.3 . WF6 and NH3 gases were mixed with nitrogen gas and introduced in the chamber. Liquid



(C2 H5 ) 3 B was evaporated by flowing N2 gas at 320 hPa over the liquid at 18 °C and introduced in the chamber. Excess precursor was removed by flowing nitrogen gas (N2 ) for 2 s after each precursor pulse. The temperature during deposition was about 350 °C, and the maximum pressure was about 2 hPa. For each of the three polymer film types, namely O2 ICP-treated, N2 RIE-treated and untreated, WC0.7N0.3 samples were produced by applying a number of deposition cycles ranging from 1 to 120.



III. ANALYSIS TECHNIQUES



The film integrity was probed by ellipsometric porosimetry 共EP兲. This technique is usually used to measure the internal porosity of porous films16 and provides a tool to prove the sealing of a porous film.17 During such measurements, a vacuum chamber is exposed to vapor of a solvent. Adsorption of a solvent 共e.g., toluene兲 inside a porous film causes a change in its optical properties. These changes are registered by in situ ellipsometry. Ellipsometric angles ⌿ and ⌬ were recorded at a wavelength of 632.8 nm. The contact angle 共CA兲 data were collected using an OCA20 tool equipped with a goniometer and measured at ten points equally distributed along a line through the center of the wafer and parallel to the gas flow direction during ALD. The data quoted here are the average values. The sheet resistance (R S ) was measured with a KLA Tencor RS75 four point probe tool. Uniformity was determined according to a 49 point polar map on the 200 mm wafers with an edge exclusion of 5 mm. The x-ray photoelectron spectroscopy 共XPS兲 analysis was done in a VG Escalab 250 with an analyzing depth of 5 nm and quantification of data was done using the standard Wagner sensitivity factors. Rutherford backscattering 共RBS兲 measurements were performed with an incident 2 MeV He⫹ beam. The backscattered He atoms were analyzed at perpendicular analyzing angle. Atomic force microscopy 共AFM兲 measurements were done in tapping mode 共AFM02-20 dimension 3100, Nanoscope IV Controller兲. Transmission electron microscopy 共TEM兲 images were recorded using a JEOL 2010F field emission gun operated at an accelerating voltage of 200 keV.



IV. RESULTS AND DISCUSSION



The characteristics of ALD TiN growth on SiO2 has been studied in detail.4 After precursor adsorption in the reactive sites on the substrate surface, a two-dimensional growth mode with low metal deposition per cycle, during which individual ALD islands are formed precede a threedimensional island growth regime. This growth mode was also observed for ALD HfO2 growth on various substrates, and is referred to as nucleation.18 Closure of the substrate surface is achieved by coalescence of the ALD islands and formation of a continuous ALD film. Only after closure linear growth is observed. The same fundamental behavior was now found for ALD WC0.7N0.3 growth on an organic polymer surface:
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TABLE I. RBS thickness calculated on the basis of an overall density of 12 g cm⫺3 which is calibrated to XRR measurements; average sheet resistance (R S ) and standard deviation 共1兲, of 49 points 共polar map with 5 mm edge exclusion兲; and EP integrity for ALD films deposited on untreated and treated SiLK polymer.



Substrate



Treatment None O2 ICP



SiLK



N2 RIE



Oxide



None



ALD cycles



Thickness 共nm兲



R S ( /sq.)



1  共%兲



EP integrity



120 100 120 100 80 50 120 100 80 50



8.5 6.4 9.6 7.9 6.1 3.4 10.2 8.4 6.7 4.0



758.44 1791.4 439.95 569.63 819.39 2462.4 376.70 479.27 638.66 1263.4



25.34 43.88 4.049 4.522 5.423 9.620 3.318 3.289 3.293 4.052



Sealed Not sealed



458.18



6.009



¯



120



A. Composition and density of WC0.7N0.3



Composition and density of the ALD material was determined on a control sample with ⬃50 nm tungsten carbide nitride film. 共XRR兲 was used to measure the thickness (T XRR). X-ray reflectance analysis and the total tungsten yield (Y W) was measured by RBS. Neglecting impurities 共levels of F, O, B were below 1% XPS兲 and further assuming also a similarly low hydrogen content, the RBS compositional analysis leads to an approximate formula of WC0.7N0.3 with a molecular mass M ⫽196 g mol⫺1 . According to ⫺1 ⫺1  WC0.7N0.3⫽Y W•M •N AV •T XRR , where N AV stands for Avogadro’s number, a density of 12 g cm⫺3 was obtained. A value of 15.37 g cm⫺3 was found for WCN deposited at 313 °C by using the areal density in RUM simulations and thickness from TEM measurements.6 Such high density is an indication of a barrier with high performance against copper ⫺1 diffusion.19 The thickness values T⫽Y W•M •N AV ⫺1 •  WC0.7N0.3 in Table I are based on this density and can be regarded as a low limit, since the real densities of the investigated thin layers are expected to lie below the density of 12 g cm⫺3 of the control sample.



Sealed



Sealed



compared to the untreated polymer film, and new peaks at higher binding energy can be attributed to new oxygen containing groups. The shake-up satellite is also present indicating that some aromaticity is maintained after the plasma treatment. The C 1s spectra of a N2 – RIE-treated polymer film shows at least three peaks 关Fig. 1共c兲兴. The peak at 285 eV is



B. Modification of the polymer film surface



Oxygen and nitrogen are enriched in the polymer surface after applying the plasma treatments. Oxygen can be incorporated during the treatment when the surface reacts with species of the plasma, or the activated surface reacts with oxygen or moisture when exposed to clean room air after the treatment. Nitrogen is mostly incorporated during the plasma treatment, and accordingly the N2 rich RIE conditions lead to a higher nitrogen content as compared with the O2 rich ICP treatment. The C 1s XPS spectrum of the untreated polymer film shows two peaks typical for hydrocarbon aromatic polymers20 关Fig. 1共a兲兴. The first one corresponds to carbon atoms with sp 2 hybridization 共285 eV兲 and the second one to the ‘‘shake-up satellite’’ at 292 eV. The C 1s XPS spectrum of the O2 ICP-treated polymer is composed of at least four components 关Fig. 1共b兲兴. The peak due to the aromatic carbon environment at 285 eV is less than half of the intensity as



FIG. 1. Oxygen 1s and carbon 1s spectra of untreated polymer surface 共a兲, O2 ICP-treated polymer surface 共b兲; and N2 RIE-treated polymer surface 共c兲; the N2 /O2 flow ratio was 0.005 for the O2 ICP treatment and 5 for the N2 RIE treatment.
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about the same intensity as compared with the O2 ICPtreated sample. The second peak at 286 –289 is the result of several oxygen and nitrogen containing groups. The shake-up satellite is also present but is less intense as compared with the other samples indicating a loss of aromaticity. The formation of several oxygen-containing functional groups is confirmed by the O 1s XPS spectra. The broadening of full width at half maximum from 1 eV of untreated polymer surface to ⬃2 eV after treatment can be attributed to the presence of new oxygen and nitrogen containing groups. Surface modification of polymer films by N2 /O2 plasma under high ion energy bombardment conditions are reported to cause a shift of the C 1s peak to lower binding energies.8 We found no evidence for this in our work. XPS spectra only show shift of the C 1s peak to higher binding energies due to the formation of oxygen and nitrogen containing groups. Reactive species in the surface, e.g., oxygen- or nitrogen-containing groups, can act as reactive sites for adsorption of precursor and direct the initial growth of the ALD material. C. WC0.7N0.3 growth



Based on the film density (  WC0.7N0.3) of 12 g cm⫺3 and the molecular mass per formula unit of M ⫽196 g mol⫺1 the density (  N) of formula units N can be calculated according to the equation



 N⫽N AV•



⌹ WC0.7N0.3 M



.



Raising this density to the 2/3 power yields an approximation of the monolayer atom density 关assuming isotropic growth, i.e., corresponding to 共100兲 plane in a primitive or face centered cubic lattice兴. Thus, the tungsten yields can be expressed in equivalents of a monolayer 共MLE兲. This yields to 1.11⫻1015 WC0.7N0.3 units cm⫺2 . Figure 2 shows an enhancement in the growth of the barrier when a polymer film received a plasma treatment. This effect is due to the changing in the amount and the type of functional groups, which serve as reactive sites, in the surface. The density of reactive sites can be approximated by the W deposition yield after one deposition cycle. The values are 0.023⫻1015 atoms cm⫺2 , for untreated polymer, and 0.19⫻1015 atoms cm⫺2 for both O2 ICP- and N2 RIE-treated polymers, respectively. This corresponds to ⬃2.1% of a monolayer WC0.7N0.3 for an untreated polymer, and ⬃17.1% in case of a preceding plasma treatment. In the subsequent pulses 共2–5兲 the amount of deposited tungsten per cycle is lower 共Fig. 2 inset兲. After reaction of the initial reactive sites with precursor the surface has changed and further WF6 adsorption is significantly slowed down. Exposure of the surface to a single sequence of TEB and NH3 共after the first WF6 pulse兲 is apparently not sufficient to transform adsorbed WF6 (-WFx ) into centers for further WF6 adsorption (-W–RS); 1 and the number of potential reactive sites created on the substrate surface (-RS1 ) is low compared to the number of primary reactive sites (-RS0 ); cf. Fig. 3. For the O2 ICP treatment this slow down is significantly larger than for the N2 RIE treatment. Thus, the observed growth differ-



FIG. 2. RBS W yield 共bottom兲 and RBS W yield per ALD cycle 共top兲, of WC0.7N0.3 film as a function of ALD cycles on untreated 共⽧兲, O2 plasma treated polymer 共䊉兲, N2 plasma treated polymer substrates 共䊊兲, and thermally grown SiO2 共䉱兲; the inset in the top figure is a zoom in of the RBS W yield per ALD cycle for low cycle numbers. 5% is considered as an upper limit for errors due to repeatability of the ALD process and RBS measurement count statistics.



ences do not only relate to the number of initial precursor adsorption but the formation of WC0.7N0.3 ALD islands is a more complex phenomenon. Since the N2 – RIE treatment enriches nitrogen in the surface one can speculate that nitrogen containing groups facilitate the growth in this stage. A mechanism might occur, according to which nitrogen containing surface groups adjacent to adsorbed W species accelerate the WC0.7N0.3 formation. However, the reaction equations and reaction mechanisms occurring in each cycle of the ALD process are unknown, which makes it difficult to draw sound conclusions with regard to the initial growth. RBS data further show a strong increase in metal deposition after an initial period, which is ⬃20 cycles (0.45



FIG. 3. 共a兲 WF6 of the first respective pulse 共1兲 chemisorbs to initial reactive sites (-RS0 ) which are transformed to new reactive sites (-W-RS1 ) during the subsequent pulses 共2兲; 共b兲 after exposure to WF6 共1兲, TEB and NH3 共2兲 reactive sites (-RS1 ) are created on the substrate surface, without chemisorption of tungsten species.
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FIG. 5. Contact angle of water on WC0.7N0.3 films as a function of ALD cycles deposited on untreated 共䉱兲, O2 plasma treated polymer 共䊉兲 and N2 plasma treated polymer substrates 共䊊兲.



FIG. 4. Cross-sectional TEM picture of 120 WC0.7N0.3 ALD cycles deposited on untreated 共a兲, O2 ICP-treated 共b兲 and N2 RIE-treated polymer 共c兲. The barrier precursors penetrate into the polymer film when deposit on untreated polymer whereas penetration reduction is seen for the plasma treated samples.



⫻1015 W atoms newly cm⫺2, 0.41 MLE兲 on untreated polymer, ⬃8 cycles (0.49⫻1015 W atoms newly cm⫺2, 0.44 MLE兲 on O2 ICP treated, and ⬃5 cycles (0.63⫻1015 W atoms newly cm⫺2 0.57 MLE兲 on N2 RIE-treated polymer film, respectively. We infer a relation between the number of islands nucleated during the first cycles and the shape of the RBS growth curve. The size of a single ALD island is restricted by its distance to neighboring islands and thus, directly linked to the reactive site density on the substrate surface. Comparatively speaking, surfaces deficient of reactive sites 共e.g., thermally grown SiO2 , or pristine polymer SiLK films兲 cause a situation where only few ALD islands grow individually to a large size, while surfaces with a high density of reactive sites (O2 ICP-treated or N2 RIE-treated polymer SiLK resin兲 generate many ALD islands which have only grown to a small size when they coalesce with neighboring islands. The RBS graph of the reference SiO2 共Fig. 2兲 shows an inflection before the linear behavior is reached. This can be readily noticed from the derivative of the RBS growth curve showing a maximum between 50 and 120 ALD cycles. Thus, the density of reactive sites reaches a maximum and then converges to a lower limit. The growth curve therefore is S-shaped. For untreated polymer film this S-shape is much more pronounced and the inflection point seems to be somewhere between 80 and 100 ALD cycles. In this case not only the low amount of reactive sites is important but the S-shape is also amplified by deposition inside the polymer layer. The untreated substrate surface allows the precursors to diffuse inside the free volume of the porous



polymer bulk and the effective surface area for growth before film closure is enlarged. The O2 ICP and N2 RIE plasma treatment greatly reduce deposition inside the dielectric. Large and fewer amount of deposited material inside the untreated and treated polymer are visible in cross-sectional TEM pictures 共Fig. 4兲. The 100 ALD cycle film deposited on an untreated polymer film is not continuous 共as shown later兲 and we believe that during coalescence and after surface closure the amount of surface area accessible for precursors decreases, as does the amount of metal deposited per cycle, when the ALD islands coalesce. No such behavior is resolved for O2 ICP and N2 RIE treated polymer films and the W deposition looks as if it followed an absolutely monotonic function converging from lower values to the constant deposition per cycle of the linear growth 共Fig. 2兲. While between 0 and 120 cycles no linear growth is observed on untreated polymer films, for O2 ICP-treated polymer films and N2 RIE-treated polymer films the growth in the linear regime is ⬃0.33⫻1015 W atoms cm⫺2 cycle⫺1; or ⬃30% of a monolayer and the average growth amounts to 0.90 Å cycle⫺1 共Table I兲. The CA of water can be used to monitor ALD film growth 共Fig. 5兲. On untreated polymer film, it is ⬃83°, after O2 ICP treatment ⬃17° and after N2 RIE treatment ⬃26°. The plots of CA vs ALD cycles illustrate a rehydrophobation of the plasma treated surfaces when exposed to ALD conditions 共350 °C兲. This process may be explained by a restructuring of the surface, and it is more effective after the O2 ICP treatment than after the N2 RIE treatment. Further, the graphs show a sharp decrease after a transient period. The curves converge at a CA value of ⬃44°. This value is also observed on ALD WC0.7N0.3 films of ⬃30 nm on top of SiO2 and can be regarded characteristic for a closed ALD WC0.7N0.3 surface. A comparison to Fig. 2 illustrates that CA data reflect the RBS data. This holds for the sharp decrease in CA, which corresponds to the sharp increase in amount of deposited W, and also the different evolution of tungsten deposition during cycles 1, 2, and 3 is reproduced.
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FIG. 6. ⌿/⌬ diagrams during adsorption 共solid arrow兲/desorption 共dashed arrow兲 of toluene on SiLK/WC0.7N0.3 ; the WC0.7N0.3 barrier is sealed against toluene at 120 共a兲, 30 共b兲, and 12 共c兲 cycles on untreated, O2 ICPand N2 RIE-treated polymer, respectively. The results indicate an earlier sealing of the surface when an adequate plasma treatment is applied to the sample before ALD compared with the untreated samples.



D. WC0.7N0.3 integrity and continuity



The ALD film continuity was analyzed by EP and R S measurements 共Table I兲. Three clearly distinguishable observations were made analysing the film integrity by EP. For a sealed surface, the change of the ellipsometric angles ⌿ and ⌬ are less than 1°, and the values return to the initial point after desorption. Small reversible change of ⌿ and ⌬ that can be observed can be attributed to toluene adsorption on the top surface of the film 关Fig. 6共a兲, 120 cycles兴. If the ALD layer contains pinholes toluene may penetrate into the substrate during an adsorption cycle. However, the number of pinholes is not large enough to allow toluene to diffuse through the barrier during the desorption cycles. As a result, ⌿ and ⌬ are slightly changed 共several degrees兲 during adsorption, and this change is irreversible. The ellipsometric angles continue to move during desorption in the same direction as during adsorption, indicating toluene diffusion beneath the ALD film 关Fig. 6共a兲, 100 cycles兴. In the case of a porous ALD film, toluene adsorption into the polymer cannot be prevented. The change in ⌿ and ⌬ is very significant 共more than 100°兲 during adsorption and reversible during desorption indicating a noncontinuous ALD film 关Fig. 6共a兲, 80 cycles兴. The ellipsometric measurements of the film deposited on pristine polymer films indicate a continuous ALD film for 120 ALD cycles 共28 MLE兲 of WC0.7N0.3 and a partially porous or discontinuous ALD film for 100 ALD cycles 共21.4 MLE兲 of WC0.7N0.3 关Fig. 6共a兲兴. Toluene can diffuse through the ALD film and is adsorbed into the polymer film in a
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reversible manner for the 80 cycles ALD film 共14 MLE兲 关Fig. 6共a兲兴. On the 20 ALD cycle sample of the O2 ICP-treated polymer film 共2.5 MLE兲, the ALD film does not inhibit toluene adsorption/desorption into the polymer 关Fig. 6共c兲兴. Thus, the ALD film is discontinuous. After 30 cycles 共5.4 MLE兲, a significant reduction in toluene adsorption and desorption is observed, even more than in the case of 100 cycles on untreated polymer film. After 50 cycles 共11 MLE兲, the ALD film is continuous and completely impermeable to toluene 关Fig. 6共b兲兴. The ellipsometric measurements of the N2 RIE-treated polymer sample before ALD deposition show only small irreversible changes in the optical parameters 关Fig. 6共e兲兴 compared with untreated polymer film, where the optical parameters change more than hundred degrees during adsorption and are reversible during desorption. The ellipsometric measurements of the 12–120 cycles ALD WC0.7N0.3 deposited on N2 RIE-treated polymer film indicate a sealed surface. All samples with eight to one ALD cycles show an almost continuous ALD film 关Fig. 6共d兲, 1 cycle兴. Since a N2 RIE-treated polymer film surface is almost impermeable for toluene even before ALD deposition 关Fig. 6共e兲兴 and the EP behavior remains partially porous after eight ALD cycles, we conclude that ion bombardment during the plasma treatment partially seals the surface by densification. This also would imply that EP could not answer the question about the continuity of the ALD layer reliably in the case of barrier deposited on the N2 RIE-treated polymer. However, the RBS and CA graphs indicate that film closure on the N2 RIE-treated polymer can be expected for a thickness considerably lower than for O2 ICPtreated polymer. This is also confirmed by R S measurements as shown later. We therefore conjecture that a WC0.7N0.3 film becomes continuous between 20 and 30 cycles, based on the comparison with untreated and O2 ICP-treated samples for which the EP integrity test is indeed measuring the continuity of the ALD layer. This corresponds to a thickness of ⬃1.4 – 2.3 nm 共4.6 –7.5 MLE兲. Our results indicate that the N2 RIE-treatment densifies the polymer surface reducing the toluene penetration into the film, while under O2 ICP conditions where no ion bombardment takes place the polymer surface is not modified to the same extend and the surface remains semipermeable to toluene. Sheet resistance (R S ) and within wafer nonuniformity 共WIWNU, 1  standard deviation兲 was measured 共Table I兲. On samples with 120 ALD cycles of deposited WC0.7N0.3 , O2 ICP-treated polymer resin and SiO2 substrates show the same values 共within 4%兲, whereas for the N2 RIE-treatment a significant difference is noticed. The R S is ⬃16% lower and the WIWNU is more than 30% lower. For samples with fewer ALD cycles the differences between O2 ICP and N2 RIE-treatment with respect to R S as well as WIWNU become larger. The WC0.7N0.3 films on untreated polymer film substrate exhibit the highest R S and WIWNU; 50% higher R S and a more than seven times higher WIWNU, as compared to the N2 RIE treatment. Differences in thickness and continuity of the ALD film can explain this. In Fig. 7 the sheet resistance plotted versus the inverse of the thickness 共derived
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FIG. 7. Sheet resistance of WC0.7N0.3 films deposited on untreated 共⽧兲, O2 plasma treated polymer 共䊉兲 and N2 plasma treated polymer substrates 共䊊兲, as a function of inverse thickness. The specific resistivity calculated from the line slope 共dashed line兲 is 590 cm.



from RBS measurements兲 shows a linear relationship. The slope reveals an average specific resistivity of ⬃590 ⍀ cm (R S ⫽  •d ⫺1 , where  is the specific resistivity and d is the film thickness兲 for the material. In general the data points start to deviate from the linear dependence as the films become thinner indicating a large increase in specific resistivity due to nonlinear effects like surface scattering of the electrons. The R S values of the films deposited on N2 RIEtreated polymer show no deviation from a linear law. On the O2 ICP-treated polymer WC0.7N0.3 shows an increased resistivity at 3.4 nm, but on untreated polymer even for 8.5 nm WC0.7N0.3 an increased resistivity is observed. The higher resistivity can be indicative of a decreased barrier quality, caused for example by a lower film density or discontinuities in the film. These results agree with the EP toluene integrity test 共Fig. 6兲 where the ALD films with increased resistivity were shown to be permeable for toluene. E. WC0.7N0.3 morphology



FIG. 8. AFM images of 120 WC0.7N0.3 ALD cycles deposited on untreated 共a兲, 50 WC0.7N0.3 ALD cycles on O2 ICP-treated 共b兲 and 20 WC0.7N0.3 ALD cycles on N2 RIE-treated polymer 共c兲. The film grows smoother when the reactive sites number increases as indicated by a bigger decrease in rms value after ALD deposition.



The roughness of the treated and untreated polymer was measured and also on closed WC0.7N0.3 ALD films deposited on untreated 共120 cycles兲, on O2 ICP-treated 共50 cycles兲 and on N2 RIE-treated 共20 cycles兲 polymer. The roughness of the samples decrease with ALD deposition as shown by the rms values in Figure 8 indicating that the ALD film growth depends on the substrate surface it is deposited on. When there is a lack of adsorption sites 共untreated polymer兲 the film growth is more abrupt comparing with a smother growth for the treated samples. The two-dimensional isotropic power spectral density 共2D ISO PSD兲 spectrum is used to extract information from the AFM images by a furrier analysis. The PSD of a surface is equal to the square of its fourier transform or the rms value squared. The PSD spectrum reveals the average frequency and distribution of surface features of a certain dimension. A shoulder for spatial wavelengths between 10 and 50 nm can be seen from the curve that corresponds with 120 cycles of WC0.7N0.3 deposited on an untreated polymer film 共Fig. 9兲. This indicates clustering of



FIG. 9. 2D ISO PSD graphs of AFM measurements of closed WC0.7N0.3 on pristine and plasma-treated polymer; the shape of the untreated polymer graph indicates the presence of higher roughness at a wavelength of 10–50 nm.
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surface features of approximately this size. We conclude that the comparatively small amount of reactive sites on untreated polymer surface causes individual islands that grow to a size large enough to significantly change the surface roughness. In support of this result, a TEM cross section of the untreated polymer sample with 120 ALD cycles of WC0.7N0.3 shows a rough film surface suggesting the presence of islands while the ALD films deposited on the treated samples do not 共Fig. 4兲. V. CONCLUSIONS



ALD WC0.7N0.3 films were deposited on untreated as well as on plasma treated polymer. The properties of the films change according to the pretreatment carried out on the polymer. The impact of the surface preparation on the metal growth can be described in terms of reactive site density on the starting surface, wherein the reactive sites serve as reaction centers in a nucleation process forming ALD islands. The deposited material grows, coalesces, and finally forms a continuous film onto which the same amount of metal is added during each ALD cycle. Pretreatments of the polymer increase the reactive sites density facilitating the adsorption of ALD precursors onto the initial substrate surface. The presence of the newly formed polar groups enhances the posterior barrier growth and therefore the minimum thickness for a continuous film depends on the substrate surface. ALD films are continuous on untreated polymer after ⬃10 nm and thinner when deposited on plasma treated polymer, ⬃3.5 and ⬃1.4 –2.3 nm on O2 – ICP-treated and N2 – RIE-treated polymers, respectively. The nucleation of WC0.7N0.3 on the polymer film also seems to depend on the composition and structure of the starting surface. Surface densification as well as the presence of oxygen and nitrogen in the starting surface might be important for the growth behavior. Appropriate surface preparation is a key for reducing the necessary film thickness to achieve a continuous layer prepared by a given ALD process. ACKNOWLEDGMENTS
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