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Abstract Nitrate, sulfate, and phosphate oxyanions are

shown to serve as effective surface-modifying agents for

low-pressure chemical–mechanical planarization (CMP) of

Ta and TaN barrier layers of interconnect structures. The

surface reactions that form the basis of this CMP strategy are

investigated using cyclic voltammetry, open circuit potential

and polarization resistance measurements, and impedance

spectroscopy. The results suggest that forming structurally

weak layers of surface oxides is crucial to chemically

controlling the CMP of Ta/TaN at low polish-pressures. It is

shown that in oxyanion-based slurries, this can be accom-

plished by modifying the sample surfaces with anion-

incorporated oxide films of Ta or TaN, which, in turn,

can readily be removed with moderate abrasion. Electro-

chemical results elaborate the reaction mechanisms that

lead to anion-modified oxides, such as Ta2O5(1-x)(NO3)10x,

Ta2O5(1-x)(SO4)5x, and Ta2O5(1-x)(PO4)10x/3 on both Ta and

TaN surfaces in pH-controlled solutions of KNO3, K2SO4,

and KH2PO4 solutions, respectively.

Keywords CMP � Tantalum � Tantalum nitride �
Impedance spectroscopy � Voltammetry

1 Introduction

Ta and TaN are used as diffusion barriers in integrated

circuits, and chemical–mechanical planarization (CMP) of

these barrier layers is an essential component of processing

of materials in the fabrication of such circuits [1]. Guided

by the International Roadmap for Semiconductors (ITRS)

[2], the new strategies for barrier-CMP focus on a reduced

down pressure (\2 psi) polishing to prevent structural

damages to the underlying ‘‘low-k’’ dielectrics. In addition,

since Si-based low-k materials tend to chemically decom-

pose in alkaline media, weakly acidic/neutral slurry solu-

tions often are preferred for CMP [3]. As demonstrated

recently by Surisetty et al. [4, 5], it might be possible to

meet these new requirements of Ta/TaN CMP in a cost-

effective and environmentally compatible approach, by

using simple oxyanions like sulfate, nitrate, and phosphate

as surface-modifying agents in the polishing slurries. Since

these oxyanion solutions do not contain strong complexing

agents, post-CMP cleaning of wafers also is relatively

straightforward in this approach.

Further development of oxyanion-based slurries can

potentially contribute to the advancement of novel CMP

technologies in alignment with the ITRS recommendations

[2]. However, the mechanisms of surface layer removal by

these slurries are not completely resolved as of now.

Understanding the CMP mechanism(s) for these specific

systems is necessary to explore the full potential of the

oxyanion chemistries in this context. This study focuses on

this very subject using electrochemical probes of surface

reactions. Ta coupons and TaN wafers are employed here as

experimental samples with non-alkaline (pH 3–6) abrasive-

free slurry solutions of KNO3, K2SO4, and KH2PO4. The

abrasive-free environment is used to bring out the chemical/

electrochemical effects of the surface-modifying oxyanions.
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The roles of H2O2 (commonly used oxidizer for metal CMP)

in controlling the anion-induced effects are tested. Cyclic

voltammetry (CV) is employed to examine the faradaic

features of Ta and TaN in the test solutions. Certain anodic

and cathodic steps operate in coupled modes at the of open

circuit potential (OCP), and represent the chemical charac-

teristics of the experimental interface under CMP conditions

[6–8]. To probe these effects, OCP transients are examined

in light of the CV results. Linear polarization resistances

(LPRs) are determined to check if and how the solution-

dependent polish rates and the surface activity of Ta are

correlated. Fourier transform electrochemical impedance

spectroscopy (FT-EIS) is employed to obtain electrode

equivalent circuit (EEC) models of the reactive interfaces [9,

10], which clarify further the chemical mechanism of oxy-

anion-induced CMP of Ta and TaN.

2 Experimental

2.1 Materials

The Ta sample was a 99.95% pure polycrystalline coupon

(2.5 cm 9 1.8 cm area, 0.1-cm thickness) from Alfa Aesar,

with its 1.5 cm 9 1.8 cm area per side exposed to experi-

mental solutions. A 200 diameter TaN wafer (3,000 Å thick,

sputtered onto SiO2 substrate), obtained from Montco Sil-

icon, was cut into rectangular pieces (3.5 cm 9 1.0 cm).

A fresh piece, with 2.5 cm 9 1.0 cm area exposed to the

solution was used for each electrochemical experiment.

Between subsequent tests, the Ta coupon was polished on a

basic polisher (a rotating stainless steel base covered with

Buehler MicroclothTM) using a paste of 1 lm alumina

abrasives and triply distilled water, followed by thorough

rinsing with triply distilled water, and drying in a stream of

Ar gas. The Ta or TaN sample was employed as the working

electrode (WE) in a 125-mL glass cell, along with a Pt-coil

counter electrode and a reference electrode of silver chlo-

ride. All the voltages quoted in this study refer to the Ag/

AgCl scale. A modified copper clip provided electrical

connection through the upper (above the solution) part of

the WE.

The electrochemical cell was placed in a metal faraday

cage on a grounded metal Table. 0.13 M electrolytes of

KNO3, K2SO4, and KH2PO4 with x wt% H2O2 (x = 0 or 5)

were prepared using triply distilled water and reagent grade

chemicals from Aldrich, and were allowed to contain dis-

solved oxygen from the atmosphere. KOH and HNO3 were

used to adjust the solution pH (3–6). The solution com-

positions used in these experiments were previously opti-

mized for CMP of Ta [4, 5]. A 3-mm-thick and 100 diameter

Ta disk sample was used for Ta-CMP experiments that

employed a Struers� Labopol-5 polisher with a politex x–y

groove pad at a down-pressure of 2.0 psi, and the platen

speed was maintained at 90 rpm. The polishing slurry

containing 0.13 M oxyanion and 5 wt% Nexsil 35A col-

loidal SiO2 abrasives (Nyacol) was delivered to the pad at a

rate of 50 mL min-1.

2.2 Instrumentation and procedures

The pH values of the solutions were measured before and

after each electrochemical treatment to ensure that the test

solution remained chemically stable. The electrochemical

cell was controlled by a fast potentiostat [11], designed

and assembled in the authors’ laboratory. LabVIEWTM

codes provided experimental commands and data retrie-

val. OCP transients (for 15 min after introducing the

sample to the experimental cell) and CV were collected at

the rate of 10 samples per second. The CV scan rate was

10 mV s-1, with upper and lower voltage bounds set at

0.5 V and -0.5 V, respectively. LPR measurements were

performed by applying anodic voltage scans at the rate of

10 mV s-1 over a range of ±0.05 V around stabilized

OCPs.

FT-EIS used a perturbation spectrum of 210 frequen-

cies between 40 kHz and 1.0 Hz, selected according to

the criteria of response-sensitive perturbation [11]. The

final input A.C. spectrum to the WE was renormalized to

maintain the average perturbation amplitude (E0) for EIS

at 2.5 mV. Each impedance spectrum was collected

within 10 s, with the D.C. bias set at a stabilized OCP.

The rates of typical OCP variations (1.5 9 10-4 mV s-1)

under these conditions were at least four orders of mag-

nitude smaller than the rates of the A.C. voltage varia-

tions (*E0fmin = 2.5 mV s-1) at the lowest frequency

(fmin = 1 Hz) of the A.C. perturbation. This difference

was more than sufficient to meet the steady-state

requirement of EIS [8, 9], and the data were validated

using a frequency-comparison technique [11]. The real

(Z0) and imaginary (Z00) parts of the impedance spectra

were plotted in the Nyquist format, and the plots were

subjected to complex nonlinear least square (CNLS) fit-

ting to obtain EEC models using ZSimpWinTM. The

modulus-weighting scheme was used for CNLS calcula-

tions, and only those EECs resulting in B5% uncertainties

in the calculated impedance elements were accepted.

3 Results and discussion

3.1 Cyclic voltammetry and faradaic characteristics

of Ta in H2O2-free solutions

Plots (a) in Fig. 1A–C represent current densities (i) as

functions of the time (t) elapsed during three consecutive
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CV cycles of Ta in H2O2-free solutions of 0.13 M KNO3,

at pH 3, 4 and 6, respectively. Graphs (b) and (c) in these

panels show the corresponding results for 0.13 M K2SO4,

and KH2PO4, respectively. The observed currents are pre-

dominantly anodic, indicating the valve metal property of

Ta [8]. This current contains a contribution of electro-

oxidation without anion incorporation (iox
0 ), and one

affected by anion incorporation (iox
in ) [12–15]. Based on the

previously published results [12–17], the main steps of

these oxidation reactions are schematically shown in

Fig. 2, using the sulfate system as an example. The Ta2O5

layer shown in Fig. 2 in front of the Ta substrate represents

the native oxide of electrochemically untreated Ta, or, a

mixture of native and electro-generated Ta2O5 of anodi-

cally treated Ta. The native oxides are formed by air (and

moisture) [10]:

4Taþ 5O2 ! 2Ta2O5: ð1Þ

Electro-generation of Ta2O5 is a multi-step process

[8, 10, 16, 17],

5H2O! 10Hþ þ 5O2�; ð2Þ

2Ta! 10e� þ 2Ta5þ; ð3Þ

2Ta5þ þ 5O2� ! Ta2O5; ð4Þ

Fig. 1 Unfolded

voltammagram for a Ta coupon

obtained through three cycles of

CV in 0.13 M electrolytes of

a KNO3 (solid line), b K2SO4

(dashed line) and c KH2PO4

(dotted line) containing 0 (A, B,

and C) or 5 (D, E, and F) wt%

H2O2 at pH 3 (A and D),

4 (B and E), and 6 (C and F).

The voltage was scanned at

10 mVs-1

Fig. 2 Schematic diagram (not drawn to scale) indicating the overall

process of oxyanion incorporation (shown here for SO4
2-) in

anodically formed Ta2O5 surface oxides of Ta. The electric field e
within the existing oxide layer supports ion transport within the oxide

phase. Driven by this field, Ta5? cations formed at the Ta/oxide

interface combine with both the O2- and the SO4
2- anions, leading to

the anion-incorporated oxide species Ta2O5(1-x)(SO4)5x according to

Eq. 7. This anion-modified oxide, formed at the electrode/solution

interface, is structurally/chemically different from its underlying

anion-free Ta2O5
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where e- is the electron charge. Reactions (2) and (3) occur

at the oxide–solution and the metal–oxide interfaces,

respectively. Reaction (4) occurs through the oxide film,

driven by the high electric field e, which exists within this film

due to the anodic overpotential. The net reaction of Eqs. 2–4 is

2Taþ 5H2O! Ta2O5 þ 10Hþ þ 10e�; ð5Þ

which generally occurs in the absence of chemisorbing

oxyanions in the system [16].

Equation 5 represents the originating reaction of the

current iox
0 [17–19]:

iox ¼ iA exp
bðE � EzÞ

d

� �
; ð6Þ

where E and Ez represent the applied voltage and the

potential of zero charge (PZC) of the electrode, respec-

tively; d is the average thickness of the Ta2O5 film on Ta;

iA and b are constants. In order to support the electric field

necessary for reaction (6), the electrode surface requires

excess positive charges (E [ Ez). At the same time, to

activate the anodic oxidation current, it is necessary to have

E [ Eoc, where Eoc is the OCP of the given system. For Ta,

Eoc [ Ez in the most commonly used CMP solutions [12],

and hence, in the context of Ta-CMP, the (E - Ez) term in

Eq. 6 often is replaced by the applied overpotential,

g = (E – Eoc) [8, 10].

As oxyanions from the solution adsorb onto the elec-

trode, they compete with the O2- anions to react with the

Ta5? cations generated within the oxide film via reaction

(3). Thus, in the presence of oxyanions, reaction (4) occurs

in parallel with a simultaneous reaction taking place

between the oxyanion and Ta5? [13, 14]. For instance, in

K2SO4 at pH 3–6, the SO4
2- anions are adsorbed (possibly

accompanied by a minority number of co-adsorbed

HSO4
-) [20] at the solution–oxide interface. Being driven

by e, the SO4
2- anions migrate within the oxide layer

(Fig. 2), and subsequently, join O2- ions to react with the

Ta5? cations migrating from the opposite direction [13]:

2Ta5þ þ 5ð1� xÞO2� þ ð5xÞSO2�
4 ! Ta2O5ð1�xÞðSO4Þ5x;

ð7Þ

where x \ 0.5 in the most cases [13]. The net reaction of

Eqs. 2, 3, and 7, which forms the sulfate-incorporated

oxide layer, can be written as

2Taþ mH2Oþ ð5xÞSO4
2� ! Ta2OmðSO4Þ5x þ 10e�

þ 2mHþ; ð8Þ

where m = 5(1 - x) and Ta2O5(1-x)(SO4)5x represents the

anion-incorporated Ta-oxide formed at the solution side of

the existing oxide layer.

Oxyanion reactions similar to that of Eq. 7 also occur

for NO3
- and H2PO4

- [13, 15]:

2Ta5þ þ 5ð1� xÞO2� þ ð10xÞNO3
�

! Ta2O5ð1�xÞðNO3Þ10x; ð9Þ

2Ta5þ þ 5ð1� xÞO2� þ ð10x=3ÞPO4
3�

! Ta2O5ð1�xÞðPO4Þ10x=3; ð10Þ

where, for Eq. 10, the adsorption of H2PO4
- (predominant

anion from K2H2PO4 at pH 3–6) on Ta2O5 is assumed to be

dissociative [21, 22]. Addition of Eqs. 2 and 3 with Eq. 9

or 10 will give the net step of anion-incorporated oxidation

with nitrate or phosphate, respectively.

Anodic formation of the aforementioned ion-doped

oxide species on Ta has been characterized previously by

non-electrochemical techniques including transmission

electron microscopy and secondary ion mass spectros-

copy [13]. Results of these earlier studies have shown

x = 0.27–0.30 for typical ion contents of various oxyan-

ion-incorporated films of tantalum pentoxide. These

chemically modified oxide films have substantially lower

dielectric functions in comparison with anion-free Ta2O5

[13], and hence, are expected to have reduced mass density

and structural integrity. This structural attribute of the

anion-modified Ta-oxide is schematically indicated in

Fig. 2 by the ‘‘brittle’’ form of the oxide layer in contact

with the solution. It is this decreased mechanical strength

of the anion-incorporated oxides, which plays a crucial role

in surface layer removal in low-pressure CMP of Ta using

oxyanion-based polishing slurries.

Cracks and pinholes within the anion-modified oxide

layers of Ta tend to alter the usual cathodic response of this

valve metal [13, 15]. Owing to this reason, a small cathodic

component of i (*1 lA cm-2, not clearly visible on the

current scale of Fig. 1A–C) was detected in CV. This

cathodic current comes from the reduction of O2 dissolved

in the solution, with charge transfer taking place through

small openings in the Ta2O5 film [23, 24]:

O2 þ 4Hþ þ 4e� ! 2H2O: ð11Þ

The predominant (anodic) part of the current observed in

Fig. 1 is iox [16, 17], with both its iox
0 and iox

in components

having the same voltage dependence according to Eq. 6. As

the first anodic scan is applied to a freshly polished Ta surface,

a quasi-steady state is achieved when the mutually competing

increments of E and d in Eq. 6 become comparable [8]. This

effect is observed after the first sharp rise of the currents

measured for each system in Fig. 1A–C. Small-amplitude

current oscillations, arising from metastable corrosion sites

[25, 26] also are observed in these data.

After the first CV cycle is completed, anodically grown

Ta2O5 passivates the Ta surface [16–18], as is indicated by

the drastically lowered values of i in the subsequent CV

cycles. This effect of surface passivation can be quantified

according to the formula [16–18],

564 J Appl Electrochem (2011) 41:561–576

123



Dd ¼ Vox

zF

Zt0

0

idt; ð12Þ

where Dd is the incremental growth of the anodic Ta2O5

surface film introduced by a given CV cycle; z is the number

of electrons involved in the oxidation step; z = 10 in the

absence of anion incorporation, and 10x or 10x/3 for anion

incorporation according to Eqs. 7 (and 9), or 10, respec-

tively; Vox is the molecular volume (50.6 cm3 mol-1) of

Ta2O5 [17]; and F and t0 are the Faraday constant, and the

time necessary to complete a CV cycle, respectively. The

maximum values of Dd (for z = 10 with x = 0 in Eqs. 7, 9

and 10) supported by CV cycles 1, 2, and 3 are denoted here

as Dd1, Dd2, and Dd3, respectively. These parameters,

obtained by applying Eq. 12 to the data (for i C 0) in

Fig. 1A–C are listed in Table 1. A comparison of Dd1, Dd2,

and Dd3 indicates how the Ta electrode surface is irrevers-

ibly passivated after the first CV scan, with little additional

oxides grown in the subsequent cycles.

3.2 Cyclic voltammetry and faradaic characteristics

of Ta in H2O2-containing solutions

The CV experiments considered in Fig. 1A–C were repeated

using the same oxyanion solutions that also contained 5 wt%

H2O2. The results are shown in the right column of Fig. 1

with plots (a), (b), and (c) representing KNO3, K2SO4, and

KH2PO4 solutions, respectively. The native Ta2O5 layer of

Ta in this case is not only formed by reaction (1), but also by

H2O2 [8, 10]:

2Taþ 2O2 þ H2O2 ! Ta2O5 þ H2O: ð13Þ

Owing to this additional oxidation, the initial Ta surface

in Fig. 1D–F is more passivated (allowing lower anodic

currents) than the corresponding cases in Fig. 1A–C. The

faradaic oxidation steps, as well as the overall voltage

dependence of iox in Fig. 1D–F can still be described by

Eqs. 5 and 6, respectively. The predominant cathodic step

in H2O2-containing acidic solutions is [8, 23]:

H2O2 þ 2Hþ þ 2e� ! 2H2O; ð14Þ

where the presence of H? as a primary reactant restricts the

reaction from occurring above the maximum solution pH

(6) used here. In addition to this reaction, Eq. 11 could also

have a minor contribution to the cathodic currents detected.

Oxyanions on partially oxide-coated metals can adsorb on

both oxide-free and oxidized sites of the surface [5, 26, 27],

and can enhance co-adsorption of H3O? [28] at these sites.

This co-adsorption of hydrated protons seems to be operative

here with PO4
3- and SO4

2- on Ta/Ta2O5, which limits the

adsorption of H2O2 on the Ta electrode in KH2PO4 and

K2SO4. This in turn keeps the cathodic currents of reaction

(14) relatively small for plots (b) and (c) in Fig. 1D–F. In the

nitrate solution at pH 3–4, NO3
- appears to be comparatively

less effective in blocking the adsorption of H2O2 on Ta/

Ta2O5. Such an effect would explain why the cathodic cur-

rents of H2O2 reduction indicated by plots (a) are larger than

those of plots (b) and (c) in Fig. 1D and E. At pH 6, as the

concentration of H? necessary to support reaction (14)

drops, the associated cathodic currents also become small for

all the three solutions considered in Fig. 1F. The values of

Table 1 Effective thicknesses

of anodically grown oxide

layers on Ta and TaN in

oxyanion solutions

a All solutions are of 0.13 M

salt concentration
b The first and the second

numbers in each row represent

results for Ta and TaN

electrodes, respectively

S. no. Solutiona Dd1 (nm)b Dd2 (nm)b Dd3 (nm)b

1 KNO3, pH 3 718, 391 43.8, 384 21.0, 382

2 KNO3, pH 4 618, 474 49.2, 473 26.6, 467

3 KNO3, pH 6 839, 296 227, 288 203, 286

4 K2SO4, pH 3 695, 368 41.8, 350 22.3, 348

5 K2SO4, pH 4 728, 406 56.6, 395 30.7, 392

6 K2SO4, pH 6 719, 462 74.5, 384 37.8, 374

7 KH2PO4, pH 3 1115, 489 233, 487 213, 485

8 KH2PO4, pH 4 1093, 455 233, 433 212, 431

9 KH2PO4, pH 6 440, 424 29.6, 388 14.5, 379

10 KNO3 ? H2O2, pH 3 596, 432 173, 486 151, 848

11 KNO3 ? H2O2, pH 4 444, 538 54.5, 536 29.2, 540

12 KNO3 ? H2O2, pH 6 437, 484 67.1, 484 40.2, 483

13 K2SO4 ? H2O2, pH 3 533, 367 182, 373 153, 376

14 K2SO4 ? H2O2, pH 4 831, 544 236, 546 211, 522

15 K2SO4 ? H2O2, pH 6 711, 564 212, 562 182, 565

16 KH2PO4 ? H2O2, pH 3 643, 529 239, 538 215, 538

17 KH2PO4 ? H2O2, pH 4 370, 389 43.2, 401 21.4, 409

18 KH2PO4 ? H2O2, pH 6 272, 460 49.9, 459 26.4, 456
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Dd1, Dd2, and Dd3, calculated by combining the CV data of

Fig. 1D–F with Eq. 12 are listed in Table 1; these results are

similar to those obtained for the corresponding H2O2-free

systems of Fig. 1A–C.

3.3 Cyclic voltammetry and faradaic characteristics

of TaN in H2O2-free solutions

Unfolded voltammograms for TaN, recorded in 0.13 M

solutions of (a) KNO3, (b) K2SO4, and (c) KH2PO4 at three

different pH settings are shown in Fig. 3A–C. The noise-

like features of these currents are due to current oscillations

mentioned in the context of Fig. 1, and have been dis-

cussed elsewhere [12, 26]. The voltammetric behavior of

TaN is governed by both its native surface oxides and its

oxide-free sites. Although the general formula ‘‘TaN’’ is

commonly used to describe tantalum nitride wafers in the

context of CMP, these wafers typically contain Ta-defi-

cient TaN as well as Ta-rich (Ta2N or TaNyB0.5) sites

[29–35], and the latter are particularly susceptible to

forming native Ta2O5 [36–38]: 4TaNyB0.5 ? (5/2)O2 ?
2TaN2y ? Ta2O5; 2(Ta2N) ? (5/2)O2 ? 2TaN ? Ta2O5.

Because the TaN wafers used in this study were deposited

on a SiO2 substrate, the substrate interface could also

form native oxides as: 2Ta ? SiO2 ? [(3 ? n)/2]O2 ?

(y/2)N2 ? Ta2O5 ? SiOnNy [39]. Under anodic voltage

activation and in the absence of anion-induced effects,

surface oxides on TaN can grow as follows [40]:

Ta2Nþ 5H2O! Ta2O5 þ 10Hþ þ 10e� þ ð1=2ÞN2;

ð15Þ

2TaNy� 0:5 þ 5H2O! Ta2O5 þ 10Hþ þ 10e� þ 2Ny� 0:5

ð16Þ

The nitrogen species generated via Eqs. 15 or 16

dissolves in the bulk sample and leads to stoichiometric

conversion of non-stoichiometric Ta-rich sites [39]:

Ta2þyNþ ðy=2ÞN! ½1þ ðy=2Þ�Ta2N: ð17Þ

Direct anodic oxidation of Ta-deficient TaN is likely to

cause N2 evolution: 2TaN ? 5H2O ? Ta2O5 ? 10H? ?

10e- ? N2. However, since no bubbles were observed on

the TaN electrode surface during CV using H2O2-free

solutions, such a reaction most probably was not strongly

favored. Thus, the anodic currents observed in Fig. 3

originate mostly from reactions (15) and (16). In addition,

anodic generation of some tantalum oxynitride (TaON) is

possible [40]: TaN ? H2O $ TaON ? 2H? ? 2e-. The

relatively small cathodic currents in Fig. 3A–C are asso-

ciated with reaction (11) [8].

Fig. 3 Unfolded

voltammagram for a TaN wafer

obtained through three cycles of

CV in 0.13 M electrolytes of

a KNO3 (solid line), b K2SO4

(dashed line) and c KH2PO4

(dotted line) containing 0 (A, B,

and C) or 5 (D, E, and F) wt%

H2O2 at pH 3 (A and D), 4

(B and E), and 6 (C and F). The

voltage was scanned at

10 mVs-1

566 J Appl Electrochem (2011) 41:561–576

123



Oxyanions are expected to affect anodic oxidation of

TaN. For example, if sulfate ions are present in the solu-

tion, the anion-modified version of Eq. 15 could have the

form [12]:

Ta2Nþ mH2Oþ 5xðSO2�
4 Þ ! Ta2O5ð1�xÞðSO4Þ5x þ 2mHþ

þ 10e� þ ð1=2ÞN2; ð18Þ

with m = 5(1 - x). Similar reactions of tantalum nitride

in nitrate and phosphate solutions would give rise to

Ta2O5(1 - x)(NO3)10x and Ta2O5(1 - x)(PO4)10x/3, respec-

tively [26].

The faradaic oxidation currents of tantalum nitride,

both with and without anion incorporation, can be

empirically expressed using Eqs. 6 and 12. In this

description, the discontinuities (due to the presence of

the N-sites) in the Ta-oxide film can be accounted for in

a phenomenological approach by writing: d & d0h [41].

Here, d0 is the average thickness of the oxide-coated

regions, and h is the lateral surface coverage of Ta2O5 on

TaN. According to Güntherschulze and Betz’s description

of Eq. 6 [18], b = (za|e|)/(kBT) in Eq. 6, where kB and T,

represent the Boltzmann constant and the ambient tem-

perature, respectively; and a is the activation distance of

O2-, which, for a symmetric potential barrier, is half the

jump-distance of O2- during the transport of this ion in

Ta2O5 [19]. If h is relatively small, that is b � (d/|E

- Ez|), then the exponential term of Eq. 6 will be linear

in E. Because E is scanned as a linear function of t in

CV, the resulting expression of iox under this condition

becomes linear in t, and the voltammetry data in

Fig. 3A–C represent such a case. This suggests that the

density of surface sites containing Ta2O5 on TaN is

small compared to that of Ta in the corresponding

solutions.

The values of Dd1, Dd2, and Dd3, determined by

applying Eq. 12 to Fig. 3 are listed in Table 1. In the

first CV cycles, Dd1 for TaN is considerably smaller than

the corresponding Dd1 for Ta. Furthermore, the values of

Dd for TaN change only by relatively small amounts

during successive CV cycles, whereas those in the case

of Ta drop significantly after the first oxidation cycles.

These are expected observations, because surface pas-

sivation of TaN due to anodic oxide formation only

occurs on a limited fraction of surface sites (yielding

small values of h) that are Ta-rich according to Eqs. 15,

16, and 18. In addition, anion-incorporated oxidation

could be more effective for TaN than for Ta. The oxide

layers formed on TaN under such conditions should be

more porous than those formed on Ta under similar

experimental conditions, and hence, should continue to

allow further anodic reactions in successive CV cycles,

as seen in Fig. 3.

3.4 Cyclic voltammetry and faradaic characteristics

of TaN in H2O2-containing solutions

Voltammetry data for the TaN-H2O2 systems are presented

in Fig. 3D–F, where the presence of some current oscilla-

tions [12] can also be noted. The initial oxide of tantalum

nitride in these experiments may contain Ta2O5 and TaON

formed by H2O2 [40]:

Ta2Nþ H2O2 þ 2O2 ! Ta2O5 þ H2Oþ ð1=2ÞN2; ð19Þ
TaNþ H2O2 ! TaONþ H2O; ð20Þ

with the nitrogen resulting from reaction (19) being con-

sumed by reaction (17). The cathodic currents in Fig. 3D–F

are quite noticeable, and their pH dependencies are dif-

ferent from those of the corresponding currents observed

for Ta in Fig. 1D–F. It is likely that catalytic electro-

reduction of H2O2 on TaN occurs via a different route than

that supported by Ta, and involves the following step [42]:

H2O2 ? 2e- ? 2OH-. The OH- product of this reaction

would become more stable with increasing solution pH,

and the relatively higher cathodic currents observed at the

higher pH settings in Fig. 3D–F are consistent with this

mechanism. The anion specificity of TaN is similar to that

for Ta discussed in the context of Fig. 1D–F.

3.5 Correlation of electrochemical and CMP results

Polish rate (PR) data for CMP of Ta using H2O2 containing

slurries of nitrate, sulfate, and phosphate solutions have

recently been reported [4]. These CMP results are com-

pared in Fig. 4a with electrochemical LPR data obtained

for the corresponding solutions. The LPRs, denoted here as

Rp, were determined in the neighborhood of the individual

system-OCPs by using the Stern-Geary formalism [8, 24]:

Rp = Limg?0 (qi/qg)-1. Since double layer contribution to

the measured current is relatively small [8, 10], one may

assume that i = iox
0 ? iox

in in the anodic voltage region near

the OCP. According to the above definition of Rp, this

implies that [42]

Rp ¼ ½ðR0
oxÞ
�1 þ ðRin

oxÞ
�1��1; ð21Þ

where Rox
0 and Rox

in are the equilibrium charge transfer

resistances for the formation of Ta-pentoxide with and

without anion incorporation, respectively; (Rox
0 )-1 = (qiox

0 /

qg) and (Rox
in )-1 = (qiox

in /qg). The LPR provides a direct

measure of the surface reactivity of the test sample, with

smaller values of Rp representing higher chemical activity.

In Fig. 4a, the boxed numbers represent the corre-

spondingly numbered solutions listed in Table 1, and the

linear fit to the data yields a coefficient of determination

(R2) at 0.84. Although the PRs were obtained with

mechanical polishing of Ta, these data in Fig. 4a display a
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measurable correlation with Rp recorded in the absence of

mechanical abrasion of the sample. The higher PRs cor-

responding to the decreasing LPRs represent a signature

feature of chemically promoted CMP [8], and the anion-

incorporation mechanism discussed in the context of

Figs. 1, 2, 3 falls in this latter category.

During CMP, the anion-affected, structurally weak

Ta-oxide layers are chemically formed on Ta, and removed

by low-pressure mechanical abrasion of the polishing pad.

As oxide-free areas of the Ta surface are exposed in this

process, further oxides, coupled with anion incorporation,

are formed due to chemical reactions of Ta with the solu-

tions. This repeated growth and removal of the oxide layers

lead to the PRs plotted in Fig. 4a. The latter data follow the

inverse solution-dependent trend of the correspondingly

measured LPRs, as the variations of both the PR and the

LPR share the same chemical origin, namely, the anion-

modified oxides.

Figure 4b compares LPR results for TaN obtained from

these experiments with the corresponding findings for Ta.

The numbered data points represent correspondingly

numbered solutions in the list of Table 1. The linear fit to

these data indicates an assessable correlation (R2 = 0.70)

between the LPR values of Ta and TaN. Based on this

observation, it is expected that CMP of TaN using the

oxyanion solutions should have PR trends similar to those

found for Ta in Fig. 4a.

In the CMP of Ta, entire surface layers might be

removed in the form of anion-incorporated Ta-pentoxide,

whereas for TaN, these oxide sites would form on a rela-

tively smaller Ta-rich fraction of the sample surface.

However, the structural integrity of the full surface region

of tantalum nitride would still be lowered by the distributed

oxide species, and mechanical abrasion of CMP under this

condition would remove both the oxidized and un-oxidized

sites of TaN [40]. H2O2 increases the overall thickness of

the tantalum oxide surface layer, which, in the presence

of anions, eventually serves as the primary source of

mechanically removable material during CMP). Thus, the

LPRs for TaN are in general smaller than those found for

Ta using the corresponding solutions. This is consistent

with Fig. 3, where the TaN surface shows negligible pas-

sivation in comparison with Ta.

3.6 Considerations for surface oxidation and anion

incorporation under open circuit conditions

of CMP

Oxidation reactions, such as those proposed in Eqs. 5, 8,

15, 16, and 18 as the underlying mechanisms of chemically

enhanced CMP of Ta and TaN in oxyanion-based solu-

tions, involve charge transfer across the electrode–solution

interface. On the other hand, the CMP results of Fig. 4a

were obtained at OCPs in the absence of any external

voltages available to activate these charge transfer steps.

The PR–LPR correlation, observed in Fig. 4a implies that

the oxidation reactions of Ta and TaN can remain active

under OCP conditions. As noted in Ref. [8], this is possible

due to the mixed potential corrosion mechanism [7], where

electrons generated by anodic reactions are consumed by

simultaneously active cathodic reactions that have higher

Nernst potentials than their anodic counterparts. For

instance, the standard potentials (E0) of reactions (5) and

(11) are -0.95 and 0.2 V (vs. Ag/AgCl), respectively [23].

According to the mixed-potential theory, these two reac-

tions can occur in a coupled mode, leading to the net

reaction (1), which does not require a net charge transfer

across the interface. Similarly, reaction (14) (E0 = 1.92 V

vs. Ag/AgCl) could also support reaction (5) [23]. Under

these circumstances, the effective OCP (mixed potential) of

the combined system would settle between the equilibrium

Fig. 4 a Ta polish rates (PRs) measured in CMP experiments using

different oxyanion-based slurry solutions, correlated with electro-

chemically measured polarization resistances (Rp) of a Ta coupon

electrode in the corresponding solutions. b Comparison of the

polarization resistances of a TaN wafer electrode (Rp [TaN]) and a Ta

coupon electrode (Rp [Ta]), measured in different oxyanion-based

solutions. In both a and b, the numbers used for labeling the

individual data points represent the correspondingly numbered

solutions listed in Table 1
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potentials of the mutually coupled anodic and cathodic

steps involved.

In the description of Fig. 2, the surface oxidation and

anion-incorporation reactions require a strong interfacial

electric field pointing toward the solution side. If the

sample surface contains excess positive charges at Eoc (that

is, Eoc - Ez [ 0), then this field is readily established at

E = Eoc, since the oxide layer thickness under CMP con-

ditions is small (Table 1). For partially oxidized metal

surfaces, these charges (q) have two components, qox and

qm, associated with the oxide-covered and oxide-free parts

of the surface, respectively. The value of qox is determined

by the difference between the solution pH and the iso-

electric point (IEP) of the oxide sites [8]: qox = F ([M–

OH2
?]–[M–O-]), where [M–O]- and [M–OH2]? are the

surface concentrations of negatively and positively charged

hydroxylated oxide sites of the metal (M), respectively.

The value of qm is dictated by the relative values of Ez and

Eoc [8, 10]. The calculated PZC for Ta is -1.06 V [12],

which generally falls well below the OCPs of Ta measured

in commonly used CMP solutions (this is also demon-

strated later in the context of Fig. 5). This leads to rela-

tively large positive values of the term (Eoc - Ez), and

since qm � (Eoc - Ez) [14], the qm component of Ta can

readily provide excess positive surface charges at Eoc.

If the surface of Ta (TaN) is largely covered by native

oxides, then qox, determined by the IEP of the oxide, plays a

more critical role than that of qm in determining the net

electrode charges. The commonly cited IEP of Ta2O5,

measured in oxyanion-free solutions, is 2.8 [43], but in the

presence of oxyanions, this IEP tends to shift to much higher

values [12]. The amount of this shift depends on the type and

concentration of the anion used [44], as for example, an IEP

of 5.2 has been measured for Ta2O5 in 2 mM NaClO4 [45].

The mechanisms responsible for such anion-induced posi-

tive shifts of IEPs may include adsorption of counter-ions at

the M-O- sites, and co-adsorption of protons with anions

[12]. H2O2 in the solution can also indirectly contribute to

upward shifting of IEPs, because Ta2O5 films formed in the

presence of H2O2 have many openings [46], and H? from the

solution enters these openings to form M-OH2
? sites within

the pores of the oxide film [47]. Owing to these effects, even

in the absence of external voltages, the Ta and TaN electrode

surfaces can retain excess positive charges in the pH range

explored here. These surface charges support the electric

field necessary to oxidize these samples at Eoc [48]. OCP

transient measurements, discussed in the next section, were

performed to verify this concept.

3.7 Open circuit potential variations of Ta and TaN

Figure 5 shows the OCP variations of Ta, measured

for 15 min after introducing the sample in different

electrolytes. According to mixed potential theory [7, 8],

oxide formation on Ta should increase Eoc, while anion

incorporation in these oxides should reverse this trend; the

observed OCP transients would be the net result of these

mutually competing effects. For all the cases considered in

Fig. 5, Eoc increases with increasing time, suggesting that

the oxidation reactions (5) and (8) (and similar ones for

nitrate and phosphate) dominate the observed OCP

Fig. 5 Open circuit potentials for a Ta coupon electrode, measured as

functions of time (t) after introducing the electrode in the experi-

mental cell containing different oxyanion-based solutions. The plots

with open (a–c) and closed (d–f) symbols represent solutions of 0 and

5 wt% H2O2 contents, respectively. The squares (plots a and d),

circles (b and e), and triangles (c and f) represent nitrate, sulfate, and

phosphate solutions (all 0.13 M), respectively
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behavior of Ta. These data demonstrate how oxidation of

Ta occurs under the OCP conditions of CMP. The values of

Eoc for the H2O2 added solutions (closed symbols) are

relatively higher, due to the additional Ta2O5 formed in

these cases according to Eq. 13. The comparative positions

of Eoc for the different anions in Fig. 5 are determined by

the relative rates of oxide formation and anion incorpora-

tion within the oxide layer for the individual systems.

The OCPs continue to increase as the oxide film

thickness d increases. However, the electric field e that

supports this oxide growth is inversely proportional to

d [19]. Therefore, if the oxide film is not removed by

abrasion or dissolution, the strength of e gradually drops

with the oxide growth and eventually the oxidation

reactions slow down and stop when Eoc is eventually

stabilized. When present in the solution, H2O2 breaks

down during the experiment (2H2O2 ? 2H2O ? O2), and

as a result, OCP stabilization of these systems generally

takes longer times. This can be seen in some of the closed

symbol plots in Fig. 5.

Figure 6 shows OCP transients for TaN, measured

employing the same solutions and procedures used for

Fig. 5. In the H2O2-added solutions (solid symbols), the

OCP behaviors of TaN are very similar to those of Ta,

indicating predominenance of the growth mode of surface

oxides. Reactions 15–17 and 18 (as well as similar ones

for nitrate and phosphate) contribute to these oxide

growths indicated by these data. The Eoc plots for the

H2O2-added systems appear above those of the H2O2-free

systems (open symbols in Fig. 6), indicating the presence

of relatively higher amounts of surface oxides in the

former case. For all the H2O2-free solutions in Fig. 6, the

Eoc plots exibit an initial drop, and often continue to drop

for a considerable interval. This occurs due to anion

incorporation in the initially present native oxides of

TaN.

3.8 Adsorption characteristics of oxyanions on Ta

and TaN determined using FT-EIS

A.C. FT-EIS was employed to study the oxyanion

adsorption kinetics and the associated double layer effects.

Nyquist spectra for Ta are shown in Fig. 7, where the insets

present detailed features of the high-frequency spectra. The

symbols and the lines represent experimental data and

CNLS calculated fits to the data, respectively. Figure 8a,

which represents a standard model of anion adsorption on

oxidized metals [27, 41], shows the CNLS-analyzed EEC

obtained for Ta. Ru is the uncompensated solution resis-

tance, which essentially remains around 0.5 X cm2. The

capacitive reactance of the electrochemical double layer is

affected by the intrinsic inhomogenity of the overall sur-

face, and appears in the form of a frequency dispersed

constant phase element (CPE). Qdl is an effective CPE that

contains a series combination of the double layer and oxide

layer CPEs of Ta. The complex impedance Z(Qdl) of this

effective CPE is defined as [9, 49]: Z(Qdl) = [Y0dl(jx)n]-1,

where Y0dl is the frequency independent part of the double

layer admittance; j ¼
ffiffiffiffiffiffiffi
�1
p

; x is the angular frequency of

the A.C. perturbation, and 0 B n B 1.

Fig. 6 Open circuit potentials for a TaN wafer electrode, measured

as functions of time (t) after introducing the electrode in the

experimental cell containing different oxyanion-based solutions. The

plots with open (a–c) and closed (d–f) symbols represent solutions of

0 and 5 wt% H2O2 contents, respectively. The squares (plots a and d),

circles (b and e), and triangles (c and f) represent nitrate, sulfate, and

phosphate solutions (all 0.13 M), respectively
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Rad and Qad are the resistive and the frequency-dispersed

CPE components of the adsorption impedance, respec-

tively. The adsorption CPE indicates that the surface in-

homogenity of Ta, which is manifested in the double layer

characteristics, is also detected in the distribution of the

anion adsorption sites. Both branches of the EEC in Fig. 8a

are D.C. blocking. The faradaic currents iox
0 and iox

in , dis-

cussed in the context of D.C. CV, flow through Rp defined

in Eq. 21. In the description of Fig. 8a, Rp would be placed

in parallel with the Rad–Cad branch. Nevertheless, consis-

tent with previous EIS studies of similar systems [8, 10],

and as explained previously in detail [8, 12, 26, 50], Rp is

not detected here because of the A.C. shunts provided by

the {Qdl(Rad–Cad)} combination.

Figure 9 presents the Nyquist plots recorded for TaN,

with the insets showing close-ups of the high-frequency

spectra. The symbols denote experimental data and the

lines represent CNLS fits to the data using the EEC of

Fig. 8b. This EEC for TaN contains two adsorption bran-

ches (Rad1–Cad1) and (Rad2–Cad2), which can be associated

with two types of surface sites of TaN, namely the Ta-rich

and Ta-deficient sites discussed in the context of the CV

results. The net admittance of the {Qdl(Rad1–Cad1)(Rad2–

Cad2)} combination was found to be much larger than the

polarization conductance (1/Rp)[12], and hence, like the

case of Ta, Rp has not been included in Fig. 8b. Similarly,

the values of Ru for TaN essentially came out to be the

same as those found for Ta. Because both the adsorption

branches in Fig. 8b contain pure capacitive elements rather

than CPEs, the chemical identity of each type of adsorption

site does not vary significantly across the electrode surface.

This spatial homogeneity of site distribution can be inter-

preted as the Ta-rich active (oxide-forming) sites having a

single chemical makeup, such as Ta2N (but not a wide-

spread mixture of Ta2N and TaNyB0.5), throughout the

surface.

The CPE parameters Ydl and n provide an overall

description of how the time constants for double layer

charge/discharge are distributed. The interdependencies of

these two quantities are checked in Fig. 10a and b for the

Ta and TaN, respectively. The boxed numbers represent

correspondingly the numbered solutions listed in Table 1.

For both electrodes, these data show a continuous drop in

the value of n following the correspondingly increasing

Ydl0. Larger values of Ydl0 imply that more sites per unit

area participate in the double layer charge/discharge pro-

cess. For a microscopically non-uniform surface, this cor-

responds to the inclusion of more in-homogeneity (and

possibly more surface roughness) in the overall EIS

response of the electrochemical double layer. A decrease in

Fig. 7 Nyquist spectra for a Ta coupon electrode recorded at

stabilized OCPs in different oxyanion solutions containing 0

(a–c) or 5 (d–f) wt% H2O2 at pH 3 (a and d), 4 (b and e) and 6

(c and f). The symbols denote experimental data points, with the

squares, circles, and triangles representing 0.13 M solutions of

KNO3, K2SO4, and KH2PO4, respectively. The lines are CNLS fits to

the data using the circuit model of Fig. 8a. The insets show close-ups

of the high frequency spectra on optimized scales

Fig. 8 EEC models used to CNLS-fit the experimentally obtained

Nyquist shown in a Fig. 7 and b Fig. 9. The EEC in a for Ta and the

one in b for TaN apply to all the electrolytes listed in Table 1
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the value of ndl also represents increasing inhomogeneity of

the surface, and for this reason, the system dependent

values of ndl and Ydl0 vary in mutually opposing directions.

Nevertheless, the comparative roles of the various factors

that dictate the values of Ydl0 and ndl can be quite different

for different systems. These factors, which include two-

and three-dimensional in-homogeneities of chemical as

well as morphological origins [9, 49], do not seem to play

strong overlapping roles here in governing the two double-

layer CPE parameters. This is indicated by the fact that the

linear fits to the data shown in Fig. 10a and b yield fairly

small R2 values of 0.67 and 0.30, respectively.

According to Fig. 8, anion adsorption on Ta is charac-

terized by a single relaxation time sad and by two separate

time constants, sad1 and sad2, in the case of TaN. The

CNLS-analyzed circuit parameters can be used to calculate

these time constants: sad(Ta) = (RadYad)1/n [9, 49], sad1

(TaN) = Rad1Cad1, and sad2(TaN) = Rad2Cad2. These results

for sad(Ta), sad1(TaN), and sad2(TaN) are presented in

Figs. 11, 12a–c, and d–f, respectively. The open bars in

Fig. 11 show that in H2O2-free solutions, sad(Ta) for SO4
2-

is the lowest among the systems considered, and remains

essentially invariant between pH 3 and 6. This in turn sug-

gests that the adsorption of SO4
2- is more efficient than

those of NO3
-and H2PO4

- on Ta, where the surface cov-

erage of SO4
2- probably stays at its saturation value in the

entire pH range tested in Fig. 11.

The binding configurations of oxyanions adsorbed on

metal oxides exhibit pH (surface charge)-dependent vari-

ations [51]. However, due to its tightly packed adsorption

geometry, the adsorption configuration of SO4
2- on Ta/

Ta2O5 established at near-saturation surface coverage

should be independent of such effects, especially if the

solution pH is varied over a relatively small range.

Thus, the open bars for K2SO4 remain almost unchanged

among Fig. 11a, b, and c. On the other hand, because NO3
-

Fig. 9 Nyquist spectra for a TaN wafer electrode recorded at

stabilized OCPs in different oxyanion solutions containing 0

(a–c) or 5 (d–f) wt% H2O2 at pH 3 (a and d), 4 (b and e), and 6

(c and f). The symbols denote experimental data points, with the

squares, circles, and triangles representing 0.13 M solutions of

KNO3, K2SO4, and KH2PO4, respectively. The lines are CNLS fits to

the data using the circuit model of Fig. 8b. The insets show magnified

views of the high frequency spectra on optimized scales

Fig. 10 Interdependent trends of ndl and Ydl for a Ta and b TaN

electrodes in different oxyanion-based solutions. The squares in

(a) and the circles in (b) represent CPE parameters obtained from

CNLS analyses of the experimental EIS data considered in Figs. 7

and 9, respectively. The numbers used to label the symbols denote

experimental solutions listed in Table 1 using the corresponding

numbers. The dashed lines are least square fits to the compiled data
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and H2PO4
- are likely to exhibit weaker adsorption [52],

the surface speciation characteristics of these anions should

be relatively more pH dependent. This is manifested in the

pH-sensitive behaviors of sad(Ta) for KNO3 and KH2PO4

in Fig. 11, where the open bars for both these systems

become gradually smaller with increasing pH. The latter

effect can be attributed to decreasing amounts of anion-

HO3
? co-adsorption as the H? contents of the solutions

drops with increasing pH.

While the open bars in Fig. 11 represent Ta samples

only containing native oxides, the corresponding striped

bars represent surfaces containing both native and H2O2

generated oxides. A comparison of these two sets of data

show that, for KH2PO4 at pH 3 and for K2SO4 at pH 3–6,

there are no significant differences between the values of

sad(Ta) measured with and without H2O2 in the solutions.

Therefore, for these particular systems, the native oxide

layers formed on Ta in the H2O2-free solutions are dense

enough to efficiently block out any PZC-controlled con-

tributions of the un-oxidized Ta to the net surface charge.

The IEP of the surface oxide becomes the main governing

factor for the surface charges (and hence the adsorption

relaxation times) in these cases. As expected, additional

changes to these charges remain minimal as more oxide

species of the same chemical makeup (Ta2O5) is deposited

by reaction (13). In contrast, for KH2PO4 at pH 4 and 6,

and for KNO3 at pH 3–6, sad(Ta) changes with the addition

of H2O2. Here, both the PZC of Ta and the IEP of Ta2O5

seem to control the net charge of the Ta/Ta2O5 surface in

the H2O2-free solutions, and the IEP becomes more critical

in dictating the surface charges of the electrodes in H2O2-

containing solutions [51].

The relatively small values of sad(Ta) observed in

Fig. 11 are typical of strong/fast chemisorptions [27, 41].

In comparison with sad(Ta), the values of sad1(TaN) and

sad2(TaN) in Fig. 12 are about an order of magnitude larger

and lower, respectively. Based on the observations made

from Fig. 11, tentatively, the results in Fig. 12a–c and

those in Fig. 12d–f can be associated with Ta-deficient and

Ta-rich sites of tantalum nitride, respectively. Oxide for-

mation on the Ta-rich sites at Eoc is likely to be coupled

with anion incorporation, as described, for example, in

Eq. 18, and hence the associated values of sad2(TaN) are

small. According to Eq. 20, the Ta-deficient surface sites of

tantalum nitride would mostly be un-oxidized TaN in

H2O2-free solutions, and TaON in H2O2-added solutions.

These TaN and TaON may dominate the behavior of

sad1(TaN) represented by open- and striped bars in Fig. 12,

respectively. Owing to the different adsorption chem-

istries of the TaN/TaON (Fig. 12a–c) and Ta2N/Ta2O5

(Fig. 12d–f), the adsorption times, sad1(TaN) and sad2(TaN),

of the three oxyanions exhibit different individual values in

the two cases.

3.9 Utility of oxyanion-induced surface modification

in chemically promoted CMP

The foregoing EIS data, in combination with those shown

in Figs. 4, 5, 6, demonstrate how oxyanion incorporated

surface oxides can be formed on Ta and TaN during CMP

in the absence of external anodic activation. This structural

weakening of Ta/TaN surface layers occurs through

chemical/electrochemical routes but do not rely on

uncontrolled material dissolution reactions. In addition,

unlike the case of halide ions, oxyanions do not generally

cause pitting corrosion on metal/alloy substrates of their

adsorption [26]. These are essential criteria for reducing

surface defects in CMP, and initial efforts to explore

oxyanion chemistries for low-pressure CMP have shown

promising results [4, 5]. Some of the main experimental

Fig. 11 Solution dependence of the time constant (sad) for oxyanion

adsorption on Ta obtained from CNLS analyzed values of the Cad and

Rad measured at OCPs. The open and the striped bars represent

solutions without and with 5 wt% H2O2, respectively
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considerations for using this specific CMP strategy are

briefly noted below in light of the recently reported PR and

defectivity data for such systems.

Typical CMP steps used in the processing of Cu dam-

ascene structures consist of bulk Cu removal (step-1) fol-

lowed by selective removal of residual Cu, Ta/TaN barrier

layers, and SiO2-based hard mask, as well as controlled

partial deletion of the underlying low-k dielectric (step-2).

Oxyanion-based CMP slurries are likely to find their main

applications in the area of step-2 CMP. With the reduced

diffusion barrier layers thicknesses (B5 nm) [2] designed

for the new technology nodes, Ta/TaN removal rates of

30–50 nm min-1 should adequately support this second

step of CMP. Because the oxides are continuously formed

and removed during CMP, oxyanion incorporation within

only a fraction of this polish-depth is sufficient to support

low-pressure processing of such systems in a controlled

timescale.

Monolayer/sub-monolayer amounts of modified surface

oxides necessary to support low pressure CMP in real time

can result from moderate potentials (excess surface charge)

[17]. For instance, native surface oxides of Ta typically are

found as 2.5–3.0 nm thick layers [53], and a surface

potential of 0.2 V can establish an electric field of

*108 V m-1 across such a layer. Previous experiments

[13] using Ta samples under galvanostatic control in

H2SO4 and H3PO4 have shown that surface fields of such

magnitude are sufficient to form *20–70 nm thick anion

incorporated Ta-oxide films in a timeframe of 50–150 s,

depending on the anion content and concentration of the

experimental solution. Up to 70% of the total oxide-layer

thickness grown under these conditions has been found to

be oxyanion doped [13].

In the aforementioned cases of electrically controlled

continuous oxidation, the rate of oxide growth decreases

with increasing values of d in the exponential term of

Eq. 6. On the other hand, in the actual CMP situation,

where the generation of the oxide film is coupled with

immediate removal of the latter, the rate of oxide-induced

surface modification should be more efficient. Thus, even

with relatively low concentrations (0.03–0.07 M) of

oxyanions [4], it should be possible, in real time during

CMP, to continuously generate a fresh monolayer of anion

incorporated oxides at the surface of the polishing pad.

This in turn should sustain a satisfactory polish rate of

Ta/TaN during the CMP process. The recent results of Ta

CMP reported by Surisetty et al. [4, 5] are in full agreement

with this view, where 30–50 nm min PRs of Ta blanket

wafers have been achieved at 2 psi down pressure, with

slurry solutions containing various oxyanions in the con-

centrations of 0.065–0.130 M, and by employing typical

values of the other control variables for step-2 CMP.

Fig. 12 Solution-dependent

characteristic times sad1

(in a–c) and sad2 (in d–f) for

oxyanion adsorption on

Ta-deficient and Ta-rich sites of

tantalum nitride, respectively. In

each panel, the open and the

striped bars represent solutions

without and with 5 wt% H2O2,

respectively
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Selective removal of Cu under pH control has also been

observed in the aforementioned experiments, and optically

monitored roughness parameters of the processed Ta and

Cu wafers have shown a satisfactory level of defect sup-

pression [5]. Subsequent studies have examined the exper-

imental variables (platen speed, pad conditioning, as well as

oxianion and oxidizer concentrations, solution pH, abrasive

content, and flow rate of the slurry) necessary to improve

selective PRs and defectivity for these CMP systems [4]. It

has been found in this context that high concentrations of

oxyanions did not necessary increase Ta PRs while using

SiO2 abrasives in weakly acidic slurries. For instance, in

a second-step CMP slurry containing K2SO4 ? 1wt%

H2O2 ? 8 wt% SiO2 at pH 4, a critical concentration of

0.032 M K2SO4 was necessary to polish Ta wafers at

79 nm min-1 using 2 psi down pressure. This PR only

varied moderately between 70 and 86 min-1, as the sulfate

content of the slurry was increased up to 0.25 M, with the

maximum PR occurring at [SO4
2-] = 0.065 M. With fur-

ther increments in [SO4
2-], the Ta PRs dropped, possibly

because the anions adsorbed on Ta/Ta2O5 at higher ion

concentrations affected substrate interactions with the SiO2

(IEP & 3.5 [44]) abrasives. Based on these observations,

the surface chemistry of the abrasive particles should also

be considered along with that of the substrate material while

designing oxyanion-based CMP slurries.

Because defectivity and dishing are particularly impor-

tant issues for CMP of patterned wafers, a model oxyan-

ion system, namely, a sulfate-based slurry composition

(0.065 M K2SO4 ? 1 wt% H2O2 ? 8 wt% SiO2 at pH 4),

has been studied in detail by Surisetty for step-2 CMP of

patterned wafers designed for the 32-nm Cu technology

[4]. These CMP experiments were performed using an ex-

situ conditioned soft pad at a down pressure of 2.2 psi, and

the processed wafers were checked for defects using opti-

cal profilometry as well as a defect-review tool incorpo-

rating scanning electron microscopy (SEM). The details of

these studies have been discussed elsewhere, and the

results have been promising [4]. In brief, the sulfate-based

test slurry supported selective polishing of the Ta/TaN

barrier layer, as well as the hard mask, while supporting a

relatively small rate for controlled removal of the low-k.

When the sulfate-based slurry was used after bulk Cu

removal with a commercial Cu slurry, the post-polish

wafers were noticeably defect-free, and a significant degree

of dishing correction (*20–30 nm) was achieved [4].

4 Conclusions

The strategy of using oxyanions as surface-modifying agents

for barrier CMP [4] is aligned with the new ITRS recom-

mendations, and has potentials for large-scale incorporation

in the processing of low-k-based interconnect structures.

This study provides a detailed electrochemical investigation

of the mechanism of this CMP method for Ta and TaN. The

results demonstrate how the solution-dependent behaviors of

the electrochemical parameters of these systems can be

linked to corresponding slurry chemistries for CMP. This, in

turn, also underscores the utility of electro-analytic tech-

niques for the characterization of novel CMP systems. The

electrochemical results discussed here demonstrate that with

adequate experimental designs, such chemically/structurally

modified oxides can be generated on both Ta and TaN for

CMP applications. Structural changes in these oxides occur

through anion incorporation, which forms chemically/

structurally modified oxide species such as Ta2O5(1-x)

(NO3)10x, Ta2Om(SO4)5x, and Ta2O5(1-x)(PO4)10x/3 in

KNO3, K2SO4, and KH2PO4 solutions, respectively.

Certain reaction schemes have been proposed here to

explain anion-incorporated oxide formation on Ta and

TaN. Time-dependent OCP measurements demonstrate

how these reactions are sustained during CMP. LPR

experiments show that the structural weakening of the

surface layers of both Ta and TaN is rooted in their com-

mon oxide chemistry. FT-EIS detects detailed differences

in the reaction kinetics of these two electrode materials,

showing signature effects of both Ta-rich and Ta-deficient

sites on TaN, with a single type of adsorption site on Ta.

The FT-EIS results also provide supporting evidence for

the reaction mechanisms proposed in the context of the

D.C. experiments. In addition, the discussions presented

here address certain essential aspects of incorporating the

strategy of anion-modified oxide formation in the experi-

mental framework of Ta/TaN CMP.
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