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The surface treatment of ultralow-j dielectric layers by exposure to atomic oxygen is presented as

a potential mechanism to modify the chemical composition of the dielectric surface to facilitate

copper diffusion barrier layer formation. High carbon content, low-j dielectric films of varying

porosity were exposed to atomic oxygen treatments at room temperature, and x-ray photoelectron

spectroscopy studies reveal both the depletion of carbon and the incorporation of oxygen at the sur-

face. Subsequent dynamic water contact angle measurements show that the chemically modified

surfaces become more hydrophilic after treatment, suggesting that the substrates have become

more “SiO2-like” at the near surface region. This treatment is shown to be thermally stable up to

400 �C. High resolution electron energy loss spectroscopy elemental profiles confirm the localised

removal of carbon from the surface region. Manganese (�1 nm) was subsequently deposited on the

modified substrates and thermally annealed to form surface localized MnSiO3 based barrier layers.

The energy-dispersive X-ray spectroscopy elemental maps show that the atomic oxygen treatments

facilitate the formation of a continuous manganese silicate barrier within dense low-k films, but sig-

nificant manganese diffusion is observed in the case of porous substrates, negatively impacting the

formation of a discrete barrier layer. Ultimately, the atomic oxygen treatment proves effective in

modifying the surface of non-porous dielectrics while continuing to facilitate barrier formation.

However, in the case of high porosity films, diffusion of manganese into the bulk film remains a

critical issue. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962371]

INTRODUCTION

The continued aggressive miniaturization of microelec-

tronic devices has resulted in improved performance due to

the increased number of on-chip features and the reduced

gate switching delay. However, with continued scaling, the

interconnect delay which is dictated by the RC time constant

increases, thereby limiting the intrinsic chip speed.1,2 This

need to improve the switching performance of future circuits

has resulted in changes in back-end-of-the-line (BEOL)

processing, from the well-established Al interconnect tech-

nology to the use of Cu interconnects. However, as device

geometry continues, its downward trend scaling becomes an

issue within the Ta/TaN barrier layer currently used between

the dielectric and Cu wiring.3 The Ta/TaN barrier continues

to occupy a larger portion of the shrinking interconnect

stack, increasing the overall line resistance, and fails to form

a suitable conductive platform at ultrathin layers.4 It is evi-

dent that the Ta/TaN barrier must be replaced with a material

that provides good linear properties at ultrathin layers while

still preventing Cu diffusing into the dielectric. Manganese

silicate (MnSiO3) barrier layers have been the subject of

considerable study due to their reported effectiveness as a

barrier to Cu migration and improved Cu adhesion properties

compared to other barrier layer candidates.5,6 In addition to

the changes of interconnect and barrier materials, low-j and

ultra-low-j (ULK) dielectrics (j� 2–3) are being introduced

to replace silicon dioxide (j¼ 4) within the interconnect

stack.7 Organosilicates (OSGs) are a promising class of

organic-inorganic hybrid dielectric material for current and

next-generation micro and nanoelectronic devices.8 The

introduction of hydrocarbon organic groups to the silicon

oxygen network lowers the dielectric constant by decreasing

the total density and polarizability of the material. Further

reductions in the j value can be achieved by introducing

porosity into these materials.

One of the key issues in the integration of ultra-low-j
dielectrics in advanced integrated circuits lies in the degrada-

tion of mechanical and electrical properties after exposure to

traditional oxygen plasma processes during photoresist strip-

ping and ashing.9 This degradation not only affects the chip

performance but also the circuit reliability. A reduction of

porosity and substantial carbon loss in the low-j films fre-

quently occurs, resulting in the increase of the dielectric con-

stant.10 Since plasma processing is commonly used for

etching, stripping, and cleaning, this problem poses serious

challenges for low-j integration and has recently stimulated

extensive interest in the study of plasma damage of ULK

dielectrics.11 The development of effective surface treat-

ments with minimal impact in terms of large-scale structural

and chemical damage is therefore critical to the integration

of low-j dielectric materials. The primary focus of this study

is to investigate the potential of an ion-free atomic oxygen

source for the effective treatment of industrially relevant
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low-j dielectric materials. The atomic oxygen treatment

used in this study has the potential to be much less damaging

than plasma treatments due to its low-energy and electrically

neutral nature,12 thereby limiting any carbon reduction to

the surface of the substrate while maintaining structural

and dielectric integrity.13 Moreover, the surface-localized

removal of carbon from the ULK materials may be beneficial

to the subsequent formation of the metal based barrier layers.

For example, it has been shown by Bogan et al.14 that the

formation of manganese barrier layers on carbon-containing

low-j dielectric substrates can result in the formation of

Mn-carbide species due to the presence of carbon at the sur-

face, which is an undesirable outcome as it complicates the

interface chemistry and acts as a source of uncertainty. As

such, a low-j dielectric surface with reduced carbon may

provide a more suitable substrate for the subsequent forma-

tion of a Mn-based barrier layer—as it limits the production

of Mn-carbide. Moreover, the removal of carbon by atomic

oxygen may also have the added benefit of providing a

source of additional surface oxygen which is required to

form fully stoichiometric MnSiO3.15 Manganese silicate

(MnSiO3) barrier layers have been the subject of consider-

able study due to their reported effectiveness as a barrier to

Cu migration and improved Cu adhesion properties com-

pared to other barrier layer candidates.5,6,16,17 While the

majority of studies to date have focused on the formation of

MnSiO3 barrier layers on SiO2 surfaces,6,18,19 the growth of

the Mn based barrier layers on carbon containing ultra-low

dielectric constant (ULK) materials has also been the subject

of interest.7,16,20–22 The formation of effective barrier layers

on these surfaces is essential if they are to be adopted by the

industry. As such, a secondary focus of this study is to deter-

mine the impact of the atomic oxygen treatment of low-j
materials on the subsequent Mn-based barrier layer formation.

EXPERIMENTAL DETAILS

Three proprietary ULK films with identical chemical

backbones, porosities of 0, 20, and 50%, and thicknesses

between 60 and 90 nm were investigated in this study with

pore sizes of 2–3 nm. For the XPS studies, the limiting non-

porous and 50% porosity samples were mounted on a single

sample holder allowing for simultaneous identical anneals,

surface treatments, and subsequent metal depositions on

the different dielectric materials within the same ultra-high-

vacuum (UHV) system. This arrangement allowed for the

direct comparison between identical treatments on substrates

of varying porosities. Samples were degassed at 300 �C for

4 h following insertion into the UHV chamber which had a

base pressure of 5� 10�10 mbar in order to remove adventi-

tious carbon and residual water from the porous dielectric

films resulting from atmospheric exposure. Atomic oxygen

was used to treat the surface of the ULK substrates at room

temperature by passing molecular oxygen through an Oxford

Applied Research TC50 thermal gas cracker operating at

60 W. The efficiency of the gas cracker was determined to be

20% at the partial pressures used during the gas exposures,

as measured by a Dycor LC-100 mass spectrometer. Samples

were subject to increasing exposures of atomic oxygen from

4000 Langmuir to 8000 Langmuir with XPS spectra acquired

after each exposure. Thermal annealing at 400 �C was car-

ried out in UHV at a pressure of 1� 10�9 mbar, with sam-

ples maintained at the target temperature for 60 min.

Hydrochloric acid (HCl) etched Mn chips (�99.9% purity)

and Cu chips (�99.9% purity) were used as a source material

for the deposition of Mn thin films and Cu capping layers

from an Oxford Applied Research EGC04 mini electron-

beam evaporator. The chamber pressure during Mn deposi-

tion was 5� 10�9 mbar. XPS analysis was carried out using

a VG Microtech electron spectrometer at a base pressure of

1� 10�9 mbar. The photoelectrons were excited with a con-

ventional Mg Ka (h�¼ 1253.6 eV) x-ray source and an elec-

tron energy analyzer operating at 20 eV pass energy,

yielding an overall resolution of 1.2 eV. All curve fitting

analysis presented in this study was performed using

AAnalyzer curve fitting software program version 1.20. All

Si 2p spectra were fitted with Voigt doublet profiles com-

posed of Gaussian and Lorentzian line shapes with a

Lorentzian value of 0.39 eV. All O 1s and C 1s spectra were

fitted with Voigt profiles with Lorentzian values of 0.55 eV

and 0.45 eV, respectively. Finally, Mn 2p spectra were fitted

using double Lorentzian asymmetric profiles with an asym-

metry parameter of 2.9 eV and a Lorentzian value of

0.95 eV. In agreement with the previous work, the Mn 2p

peak fits shown in this study are primarily used to identify

the presence of oxidised Mn species on the sample surface,

with the O 1s and Si 2p spectra used to conclusively identify

the presence of differing oxidised Mn species such as Mn sil-

icate and Mn oxide.23 A Shirley-Sherwood type background

was used for all core level spectra. The full width at half

maximum (FWHM) of the Si 2p low-j substrate peaks var-

ied between 1.4 eV and 1.8 eV, with a Mn silicate component

peak of 1.5 eV. The FWHM of the O 1s low-j component

was 1.5 eV, while values in the range of 1.4 eV to 1.6 eV

were used for Mn silicate and Mn oxide peaks. The FWHM

of the C 1s low-j component was 1.3 eV with a Mn carbide

peak of 1.2 eV. These curve fitting parameters were used

throughout the study to maintain a consistent approach to spec-

tra analysis. The overlayer thickness calculations were per-

formed using the NIST EAL database program version 1.3.24

The dynamic advancing and receding water contact

angle (WCA) measurements were recorded on 3 different

regions of the non-porous, 20%, and 50% porosity samples

using a high speed camera (10 Hz sampling rate). The static

contact angle measurements reported in the literature can

yield a range of contact angles between the limits of the

advancing and receding state which are at times contradic-

tory and highlight the lack of clear understanding of the

underlying physics that dictates the wetting behaviour.25,26

Since the phenomenon of wetting is more than just a static

state, in this work, a dynamic sessile drop method is used—a

condition where the three-phase contact line is in motion to

capture both the advancing and receding contact angles.

High-performance liquid chromatography (HPLC) grade

water (q¼ 18.2 MX cm) was dispensed with a flow rate of 5

nl/s on the surface using a 35-gauge needle (Ø135 lm OD)

until the droplet unpins along the three phase contact line to

produce a constant advancing angle. The droplet was then
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withdrawn at the same flow rate until a constant receding

angle was observed. All droplet dimensions were kept well

below the capillary length of water (kc� 2 mm), resulting in

a low value bond number to provide a system dominated by

surface tension effects with a negligible gravitational contri-

bution as the droplet volumes were typically less than 100 nl.

The needle was positioned such that the droplet profile was

altered on only one half of the droplet with the analysis per-

formed on the unaffected side. Contact angles were calcu-

lated by a piecewise polynomial fit (Image J, ver. 1.46, Drop

Snake plugin). The advancing contact angle typically repre-

sents surface energy and corresponds to the activation energy

required for movement of the three phase line between one

metastable state to another on a surface with lower interfa-

cial surface energies corresponding to higher contact angles.

For very smooth surfaces, the advancing contact angle repre-

sents a good approximation of the Young’s contact angle27,28

which describes the liquid-vapor, solid-vapor, and solid-

liquid interfacial tensions. Receding contact angles can

reveal information regarding defects such as pores or hydro-

philic impurities29 on the sample surfaces which can result

in droplet pinning and, consequently, low contact angles.

Chemical changes on a surface and variation of surface poros-

ity across samples can be detected by using these dynamic

wettability measurements.

Previous WCA studies in the literature have shown that

pristine metal, metalloid, and metal oxide samples spontane-

ously adsorb hydrocarbons from the ambient30,31 which, conse-

quently, lowers surface energy, reducing wettability, typically

over a period of a few days until a maximum value for the

advancing WCA is reached. In order to track the chemical sta-

bility of the atomic O treated surfaces, samples were placed in

a desiccator at an ambient temperature of 25 �C and a labora-

tory relative humidity of 40%, and subsequently, repeat

advancing and receding WCAs were measured as a function of

time to track the WCA evolution over a period of 500 h. The

WCA measurements were performed after removal from the

XPS system at 0 h, 48 h, 168 h, and 500 h intervals.

For transmission electron microscopy (TEM) analysis,

oxygen treated samples were capped with >50 nm of metallic

Cu in-vacuo at a pressure of 1� 10�9 mbar, and top down

gallium focused ion beam (FIB) milling was used to prepare

sub-100 nm thick lamella structures. The lamella cross section

allowed for TEM/EDX/EELS analysis across all layers from

the surface of the films through to the bulk Si. After FIB prep-

aration, samples were imaged in TEM and scanning-TEM

(STEM) using an FEI Titan instrument. Electron energy loss

spectroscopy (EELS) measurements were also carried out in a

FEI Titan TEM operating at 300 kV with a nominal probe

size below 1 nm.

RESULTS AND DISCUSSION

No significant changes in the overall chemical composi-

tions were observed in the XPS spectra for the non-porous and

50% porous films taken before and after degas apart from

slightly reduced carbon signals, typical of the removal of adven-

titious carbon contamination from the surface of the material.

The XPS survey scans shown in Figure 1 display the

change in the relative elemental concentrations of silicon,

carbon, and oxygen within the non-porous and 50% porous

ULK surfaces as a result of two sequential exposures to

atomic oxygen. The precise concentrations of silicon, car-

bon, and oxygen were calculated using the integrated areas

and atomic sensitivity factors for the Si 2p, C 1s, and O 1s

core level peaks, and are tabulated in Table I.

For the non-porous low-j sample, the as loaded carbon

composition was 35%. After a first atomic oxygen exposure of

4000 Langmuir, the carbon concentration was reduced to 15%

of the overall sample composition. A second 4000 Langmuir

exposure reduced the carbon concentration to 12% of the sam-

ple composition. Overall, the carbon signal was reduced by

66% of its original signal intensity after a total atomic oxygen

exposure of 8000 Langmuir. The 50% porosity samples were

exposed to identical simultaneous exposures as the non-porous

samples allowing for direct comparison. For the porous sam-

ple, the as loaded carbon composition was 40%. After the first

4000 Langmuir exposure, the carbon concentration was

reduced to 13% of the overall sample composition. The second

4000 Langmuir exposure further reduced the carbon composi-

tion of the sample to approximately 5% of the overall sample

composition. Overall, the carbon signal within the 50% porous

film was reduced by 88% of its original signal intensity after a

total atomic oxygen exposure of 8000 Langmuir.

FIG. 1. XPS survey scans from the

ULK surfaces (a) non-porous and (b)

50% porosity, before and after expo-

sure to atomic oxygen, showing the

systematic reduction in surface carbon

and increase in oxygen signal.
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These results indicate that the porous film, within the

XPS sampling depth, is more susceptible to the atomic oxy-

gen treatments altering the chemical composition than the

non-porous film. Additionally, from Figure 1, a significant

increase in the surface oxygen signals was also evident, sug-

gesting that oxygen effectively replaces carbon at the surface

of both substrates. This increase in oxygen signals after 8000

Langmuir exposure is slightly more pronounced in the porous

film (79% increase of original signal intensity) than in the

non-porous film (72% increase) again indicating that the O

treatment impacts the porous film more than the non-porous

films. Photoemission spectra (not shown) acquired at 60� off

normal emission suggest that the treatment appears to be sur-

face localised within the non-porous substrate but homoge-

nously distributed throughout the 50% porous film. This

suggests that the atomic oxygen is altering the chemical com-

position the near surface region (�1–3 nm) of the non-porous

substrate, while the treatment may be penetrating through the

pores of the 50% porous films altering the chemical composi-

tion to a depth at least equal to the sampling depth of conven-

tional XPS (�7–8 nm) in these dielectric materials.

It should be noted that although the concentration of Si

in both substrates remains relatively constant throughout the

experiment, the position of the Si 2p and O 1s peaks shifts to

higher binding energy (HBE) in both samples as seen in the

narrow window scans displayed in Figure 2. However, by

keeping the curve fitting parameters and peak positions rig-

idly fixed, it can be shown that the atomic oxygen treatments

result in the emergence of higher binding energy components

in both peak profiles which increase in magnitude with

atomic oxygen treatment. As the electronegativity of O is

higher than that of C, replacing Si-C bonds with Si-O bonds

would result in an increase in the binding energy of the asso-

ciated Si atoms. It should be noted that the most oxygen rich

environment that Si can attain is that of SiO2 which has a Si

2p binding energy position of 104.3 eV. The O 1s spectra

seen in Figure 2 are also shifted to HBE as a function of

exposure to atomic O which is again consistent with a more

oxygen rich environment than that of the ULK substrate. As

such, the chemical shift of the Si 2p and O 1s peaks to HBE

along with the reduction of the C 1s is characteristic of the

partial conversion of the ULK surface to a more SiO2-like

environment. This is apparent in both samples although the

conversion of low-j material to SiO2-like material is more

pronounced in the 50% porous film as seen by the relative

areas of the SiO2 peak components within both the Si 2p and

O 1s spectra. This is consistent with the greater extent of car-

bon removal from the 50% porous film to leave the surface

primarily composed of Si and O.

In order to test the thermal stability of these treatments,

the atomic oxygen treated samples were annealed to 400 �C
without a break in vacuum resulting in no appreciable

change in either overall chemical composition or core level

peak profiles (not shown) indicating that the treated surface

is stable up to this temperature.

Dynamic WCA measurements were used to further

investigate the changes induced in the dielectric surface

resulting from atomic oxygen treatment for low-j samples of

varying levels of porosity (0%, 20%, and 50%). Each sample

was treated by an 8000 Langmuir exposure of atomic oxygen

and immediately subjected to dynamic WCA measurements

upon removal from vacuum and at subsequent time intervals

up to 500 h ambient exposure. Figure 3 shows plots of the

advancing contact angle evolution for (a) a non-porous sam-

ple, (b) a sample with 20% porosity, and (c) a sample with

50% porosity for both the control samples and atomic oxy-

gen treated samples. The as-received low-j substrates have

advancing WCA’s of (a) 56.3�6 0.5�, (b) 64�6 0.7�, and

TABLE I. Percentage chemical compositions of the non-porous and 50%

porous samples throughout the course of atomic oxygen treatments.

Experimental step Si (%) O (%) C (%)

1 0% Porosity as loaded 37 6 3 29 6 2 35 6 2

2 Degassed to 300 �C 38 6 3 30 6 2 31 6 3

3 1st 4000L exposure 39 6 2 46 6 3 15 6 3

4 2nd 4000L exposure 38 6 2 50 6 4 12 6 3

5 Annealed to 400 �C 39 6 2 46 6 3 16 6 3

1 50% Porosity as loaded 26 6 5 34 6 1 40 6 3

2 Degassed to 300 �C 29 6 4 34 6 2 37 6 4

3 1st 4000L exposure 31 6 3 55 6 2 13 6 4

4 2nd 4000L exposure 34 6 2 61 6 3 5 6 4

5 Annealed to 400 �C 36 6 3 56 6 2 8 6 4

FIG. 2. The evolution of the O 1s and

Si 2p peaks for (a) non-porous and (b)

50% porosity substrates as a result of

increasing exposure to atomic oxygen.

Both peaks shift to higher binding

energy as the surface carbon content is

reduced.
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(c) 68�6 0.4� for non-porous, 20%, and 50% porosity sub-

strates, respectively. The roughness factor, defined as the

ratio of actual surface area to projected area, was calculated

from height images (not shown) to be 1.0013 for the (a) non-

porous sample and 1.0026 for the (c) 50% porosity sample.

These values represent the maximum obtainable advancing

WCAs for these samples, resulting from the combination of

surface stoichiometry, physisorbed hydrocarbons, and rough-

ness.25–28 Wettability increases from the 50% porous

untreated control sample to the untreated non-porous sample.

As the untreated samples are initially chemically identical

surfaces, the variation in wetting behavior is consistent with

changes in roughness due to porosity.

Following atomic O exposure, the increased oxygen

content of the low-k surface results in a larger surface energy

and wettability. In addition to this chemical compositional

change of the dielectric, surface physisorbed hydrocarbons

would be removed by this treatment leaving unbound

surface coordination groups to interact with water molecules,

resulting in strong wetting behaviour.25 This is evident in the

initial WCA images after O treatment (0 h ambient exposure)

with all three substrates affected by the atomic oxygen treat-

ment displaying very high wettability (<30�) similar to SiO2

like wetting behaviour, post atomic O treatment (blue dashed

line Figure 3). This finding is in agreement with the photo-

emission results, consistent with the near surface region

becoming more SiO2-like following atomic oxygen treat-

ment. The non-porous surface immediately following atomic

O exposure displays hydrophilic (31�) behavior which

reduces over time. After the 500 h exposure to the atmo-

spheric environment, the WCA saturates at h� 54� which is

close to its initial value of 56.3�. The impact of the atomic

oxygen treatment on the porous dielectrics appears to result

in a more permanent modification of the surface properties

in that neither the 20% nor the 50% porosity WCA measure-

ments return to their original values even after 500 h expo-

sure to ambient conditions, suggesting that the atomic O has

a more permanent effect on porous substrates.

FIG. 3. Average advancing WCA

evolution of varying porosity low-j
substrates before and after atomic

O treatment, scale bar is 300 lm.
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Figure 4 shows the corresponding receding angle plots

over the same 500 h period. As observed for the advancing

angle measurements, the receding angle measurements

show that all samples display increased wettability following

atomic oxygen treatment with SiO2 like wetting behavior

post O treatment. As before, the non-porous film value

approaches the initial value over time and is very similar to

the final value for SiO2. In this case, minimal pinning of the

three phase contact line occurs as the surface is effectively

homogenous. In contrast, the porous substrates, largely inde-

pendent of the percentage porosity, have comparable WCA

measurements after the 500 h period. The low WCA values

of �12� are consistent with the three phase contact line pin-

ning along water containing pore boundaries as the droplet

begins to recede. These results suggest that any surface struc-

tural modifications induced by the atomic oxygen treatment

are similar on both porosities and that these changes are

effectively permanent. These contact angle measurements

complement photoemission results and strongly suggest that

the atomic oxygen treatments are creating a more SiO2-like

environment in the near surface regions of the low-j dielectrics.

In order to evaluate the effectiveness of the treatment in

terms of barrier formation, a thin layer of Mn (1 nm) was

simultaneously deposited by e-beam evaporation on the non-

porous and 50% porous oxygen treated ULK samples which

were subsequently annealed to 350 �C in order to drive Mn

silicate (MnSiO3) formation. The associated Si 2p and O 1s

core level peaks are displayed in Figure 5. Film thicknesses

were calculated from the area attenuation of both Si 2p sub-

strate signals by the deposited Mn overlayer. Although both

films were exposed to an identical Mn metal deposition, dif-

fering attenuations of the Si 2p peaks were observed on each

sample. For the non-porous sample, the substrate signal is

attenuated to 52% of its original signal, whereas the 50%

porous sample is attenuated to 65% of its peak area. These Si

2p substrate attenuations equate to nominal metallic Mn over-

layer thicknesses of 1.0 nm and 0.7 nm on the non-porous and

porous films, respectively. However, these calculations assume

FIG. 4. Average receding WCA evolu-

tion of varying porosity low-j sub-

strates before and after atomic O

treatment, scale bar is 300 lm.
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homogenous and continuous overlayer coverage. Considering

the highly porous nature of the 50% porous substrate, the dif-

ference in the extent of substrate signal suppression resulting

from Mn deposition is consistent with partial diffusion of Mn

into the porous film, thereby accounting for the discrepancy

observed in the Mn thickness calculations.

It is apparent from the O 1s spectra in Figure 5 that Mn

oxide is present on both surfaces following deposition as evi-

denced by the component peak at a binding energy of

530.3 eV attributed to oxidised Mn.23 It is not possible in this

study to ascertain whether this trace amount of Mn oxide is

due to the oxidation of metallic Mn over time in the UHV

system or resulting from the deposition of metallic Mn onto

the oxygen rich substrates which may be highly reactive after

treatment. The growth of additional peaks on the lower bind-

ing energy (LBE) side of both the O 1s and Si 2p as a result

of thermal annealing can be seen at binding energy positions

of 531.7 eV and 103.3 eV, respectively. The concurrent

growth of peaks at these binding energy positions is indica-

tive of the formation of a MnSiO3 layer.18 The appearance of

distinct MnSiO3 related peaks on the modified ULK surfaces

is in contrast to the study previously reported by Bogan

et al.23 where it was shown that the unambiguous identifica-

tion of MnSiO3 spectral features was very difficult due to

overlap with the substrate peaks of this same ULK substrate.

Photoemission spectra (not shown), acquired at a take-off

angle of 60� with respect to the surface normal, reveal the

surface localized nature of the Mn-silicate, as an increase in

signal intensity is observed with respect to the ULK substrate

signals. The respective areas of the silicate component peaks

within the Si 2p peak profile suggest that more silicate is

forming on the highly porous film. Figure 6 shows the C 1s

and Mn 2p core level spectra from both modified low-j sub-

strates before and after Mn deposition and the subsequent

formation of the MnSiO3 layer. A Mn metal reference spec-

trum is also included for both substrates. The growth of an

additional peak on the LBE side of the C 1s in Figure 6(b)

provides evidence for the formation of a Mn-carbide bonding

component in the 50% porous sample.14 This feature is not

seen in the non-porous sample spectra in Figure 6(a), sugges-

ting that the oxygen treatment has effectively removed car-

bon from the near surface region limiting the formation of

carbide. The formation of a Mn-C bonding component in the

50% porous film indicates that although the oxygen treat-

ment is effective at removing the carbon it would appear that

the remaining carbon reacts with the deposited Mn metal to

form carbide. As the overall surface concentration of carbon

has been reduced by the oxygen treatment, the amount of

Mn-carbide formed would be correspondingly reduced com-

pared with the untreated substrate.32 It should also be noted

FIG. 5. O 1s and Si 2p core level peaks

identifying the growth of MnSiO3 on

the modified low-j dielectric surfaces

for (a) non-porous substrate and (b)

50% porosity substrate.

FIG. 6. Mn 2p and C 1s peaks for (a)

the non-porous substrate and (b) the

50% porosity substrate showing the

growth of a limited quantity of Mn

carbide.
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that the formation of Mn-carbide on low-j surfaces can be

significantly minimized by the deposition of oxidized Mn

instead of metal Mn; however, in order to have control over

the thickness of the MnSiO3 barrier layer formed, the pres-

ence of metal Mn is important.15

To further investigate the structure of the barrier layer

region, both samples were simultaneously capped with a

thick (>50 nm) Cu cap within the vacuum system, and TEM,

EELS, and energy dispersive x-ray spectroscopy (EDX)

studies were subsequently performed. Figures 7(a) and 7(b)

display the TEM images of non-porous and 50% porous

films. The well-defined overlayer evident in the TEM image

of the non-porous sample is corroborated by the EDX ele-

mental map of the same sample shown in Figure 7(c). In con-

trast, the EDX elemental map of the 50% porous sample

shown in Figure 7(d) displays strong evidence for the diffu-

sion of the Mn film into the low-j substrate. Previous TEM

studies32 of barrier layer formation on these substrates, with-

out atomic oxygen treatment, showed minimal Mn diffusion

into either sample, irrespective of porosity. This suggests

that the oxygen treatment may, in fact, be facilitating diffu-

sion of the manganese into the porous substrate, negatively

impacting on the formation of a discrete barrier layer.

In order to determine the effectiveness of the atomic

oxygen treatment at depleting carbon from the near surface

region, elemental EELS line scan profiles were performed

across the barrier region and into the ULK films as shown in

Figure 8. The reduction in the carbon signal intensity in the

near surface region of treated low-j substrates is clearly evi-

dent as is an increase in oxygen signal above that found in

the bulk of the ULK substrate, in agreement with the XPS

studies. However, while this reduction of carbon/increase in

oxygen is observed to a depth of �4 nm into the non-porous

substrate, the affected region of the 50% porous film is closer

FIG. 7. TEM images of (a) non-porous and (b) 50% porous low-j dielectric

showing the pore structure. EDX elemental maps of the distribution of (c)

Mn deposited on non-porous substrate and (d) Mn deposited on 50% sub-

strate after a 300 �C thermal anneal.

FIG. 8. EELS line scan through Cu-

Mn-treated low-j dielectric showing

the extent of the chemically modified

region in (c) the non-porous dielectric

and (d) the 50% porosity substrate.
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to a depth of �12 nm. The localised nature of this treatment

for the non-porous substrate suggests that the bulk of the

dielectric layer is unaltered, which is a positive result for bar-

rier formation. The more extensive effects of the atomic oxy-

gen treatment on the chemical composition of the porous

material lead to greater penetration of the deposited Mn film

into the dielectric layer. From the Mn profile, it can be

deduced that the chemical reactions identified in the XPS

study leading to barrier formation occurs in the region which

has been substantially depleted of C and is SiO2-like. It is

estimated from the EELS line scans that the silicate region

extends to �3 nm within the non-porous sample and �5 nm

within the 50% porous sample.

The treated porous sample has effectively a higher sur-

face area than the non-porous material and as such, a higher

proportion of the deposited Mn can chemically react with the

porous substrate, thereby facilitating the increased formation

of Mn-silicate. Conversely, in the case of the non-porous

low-j, the deposited Mn is surface localised which limits the

extent of Mn-silicate formation. The XPS data shown in

Figure 5 support this argument where a larger quantity of

Mn silicate is observed on the 50% porous surface than on

the non-porous surface within the Si 2p spectral profile.

Finally, it is also noted that in contrast to previous work on

similar non-treated samples, there is strong evidence of Mn

diffusion into the 50% porous substrate after thermal anneal,

which has been reported to occur in inter-layer dielectric

(ILD) materials that were subject to plasma treatments.17

CONCLUSIONS

In summary, the surface treatment of low-j dielectric

layers of varying porosity by exposure to atomic oxygen at

room temperature has been investigated by XPS, dynamic

WCA, and TEM related techniques. It has been shown that

the simultaneous depletion of carbon and addition of oxygen

at the dielectric surface modifies the chemical environment

in the near surface region making it more SiO2 like. The

effects of the oxygen treatment are more evident on the

porous films which display long term changes, based on

the WCA measurements. In addition, there is significant evi-

dence of Mn diffusion into the 50% porous film following

oxygen treatment, which is not observed on the non-porous

film resulting in the formation of more Mn silicate which is

not completely surface localized.

This study shows that the atomic oxygen treatment

represents an effective way to modify the surface of dense

low-k films to facilitate the formation of a continuous

MnSiO3 barrier layer, with little Mn-carbide. In the case of

high porosity films, the surface modification is not enough to

stop the diffusion of manganese into the low-j film, and as

such, the formation of a continuous copper diffusion barrier

layer on high porosity films remains a problem.
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