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The sheet resistance measured by a four-probe technique is compared to the resistivity data derived

from the optical response of thin ruthenium films grown on hydrogen-passivated Si(111) surfaces

by atomic-layer deposition using cyclopentadienyl ethylruthenium dicarbonyl, Ru(Cp)(CO)2Et and

O2 as gas reactant. The Drude-Landauer theory is applied to evaluate the spectroscopic

ellipsometry response and the DC resistivity evaluated by 4-point probe measurements. Results

indicate that thin Ru films (below �5 nm) deposited on Si exhibit a higher sheet resistance than

similarly grown Ru films on TiN. This is explained by an island-growth mechanism at the initial

stages of Ru deposition that greatly diminishes the film conductivity before the formation of a

continuous film. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766747]

I. INTRODUCTION

Atomic layer deposition (ALD) is a growth technique

that allows highly conformal deposition of thin films with

atomic-level thickness control. ALD deposition of Ru had

been recently explored using a variety of precursors and

reactants.1–3 The interest in Ru deposition arises from its

high work function, low bulk resistivity, and ability to form

stable conductive oxides. In this manuscript, we investigate

the electrical characteristics (conductivity) of ultra-thin Ru

films on H-passivated Si surfaces as a function of the number

of Ru ALD cycles. We correlate results based on the optical

Drude response, derived by fitting ellipsometric data, with

direct sheet-resistance measurements obtained by electric

four-point probe (FPP) measurements.4

Ellipsometry allows an indirect evaluation of the DC-

resistivity. The optically determined DC-resistivity (qopt) can

be calculated based on the fitted components of the dielectric

function. The dielectric function can be modeled using the

form of Lorentzian oscillator model with the Drude term for

conductivity Eq. (1)

eðwÞ ¼ e1 �
w2

p

w2 � iCDw
þ
X

k

fk
w2

0k

w2
0k � w2 þ iCkw

; (1)

where e1 is a high-frequency dielectric function, wp the

plasma frequency, CD the Drude-term damping factor, fk the

Lorentz-term oscillator strength, w0k the resonance frequency

of the kth oscillator, and Ck the related damping factor.5,6 The

complex refractive index n�ðwÞ is related to the complex

dielectric function e ¼ e1 þ ie2 through ðn�ðwÞÞ2 ¼ eðwÞ.
The knowledge of the Drude parameters wp and Cd

allows to estimate the DC-resistivity of the measured layer.7

In an ideal metal with all electrons free, the unscreened

plasma frequency is given by8,9

w2
p ¼

4 p N e2

m�
; (2)

where N is the density of the valence electrons, m* is the

effective electron mass, and e is the effective electron

charge. The optical conductivity is given by8,9

ropt ¼
N e2s
m�

; (3)

where the scattering time s is related to the Drude oscillator

parameter Cd (in eV units) through Cd ¼ 1
s. The resistivity is

inversely proportional to ropt, and given by qopt ¼ 1
ropt

.

The problem becomes more complex when the metal

layer is not continuous, as in the case of materials that ex-

hibit island-growth regime. In this case, fitting of the dielec-

tric function requires an effective-medium approach that

takes into account metallic islands and the material between

these islands, for example, air. Evaluation of the resistivity

thus should take into account the overall composition of this

layer. Landauer et al.10 have treated the problem of the con-

ductivity of binary metallic mixtures, whose solution is given

in Eq. (4)

rm ¼
1

4
½ð3f2 � 1Þr2 þ ð3f1 � 1Þr1

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ð3f2 � 1Þr2 þ ð3f1 � 1Þr1

�2

þ 8r1r2

r
; (4)

where f1 and f2 are the fractions of the inclusions of conduc-

tivities r1 and r2, respectively. Landauer et al.10 had applied

the theory to several binary metallic mixtures and found out

that the theory explains well the variation of the resistivity as

a function of composition for a variety of materials. In this

article, we compare the values for the sheet resistance as

derived from the direct electric four-point probe measure-

ments with the qopt values derived from the ellipsometric

data and evaluated using Landauer theory. Generally, our

data indicate that for Ru thicknesses (as evaluated by Ruther-

ford backscattering spectroscopy (RBS) with values below

�5 nm) the Ru layers exhibit higher sheet resistance than
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values reported earlier for Ru grown on TiN2. Based on the

earlier published IR and AFM data,1 and the ellipsometric

measurements reported in this article, we suggest that the

island growth mechanism during the initial steps of ALD

leads to a delay in the development of a continuous conduc-

tive Ru layer. This observation is consistent with the previ-

ous studies,11 which indicate that the nucleation of Ru on the

nitride (SiNx) is faster in comparison to nucleation of Ru on

SiO2 surfaces.

Since the optical evaluation of the DC-resistivity qopt is

indirect, a thorough analysis of the ellipsometric data is

required. Therefore, this manuscript is structured as fol-

lows: after the presentation of the experimental details in

Sec. II, Sec. III describes in detail the evaluation of the

ellipsometric data. To address the problems of extraction of

the Drude parameters wp, and CD from the ellipsometric

measurements as well as the thickness and composition of

Ru/Si interfaces and of the rough Ru surfaces, Sec. III is di-

vided into three subsections. Section III A discusses the

evaluation of the Ru dielectric function in two regimes, the

“ultrathin-film” regime (12–27 ALD cycles) and the “thick-

film” regime (56–60 ALD cycles). Section III B presents a

discussion of surface and interface composition, where the

ellipsometric results are cross-referenced and supported by

other surface-sensitive techniques, namely, the XPS and

XRD. Finally, Sec. III C examines the resistivity of Ru

films in both ultrathin and thick-film regimes, with a cross-

reference to the 4-probe measurements of the Ru sheet re-

sistance to the optically evaluated resistivity values ðqoptÞ:

II. EXPERIMENTAL

Double-side polished Piranha-cleaned and subsequently

hydrogen-terminated Si (111) surfaces (30 s etching in aque-

ous HF (20%) solution) were loaded into a home-made ALD

reactor.1 Ruthenium deposition was performed using a cyclo-

pentadienyl ethylruthenium dicarbonyl [Ru(Cp)(CO)2Et] pre-

cursor and O2 gas as reactants. Purified nitrogen gas (O2

concentration < 1� 10�5 ppm) was used as carrier and purge

gas during the process, except for the O2 pulse. A full cycle

was completed when an O2 exposure was performed after the

Ru exposure. RBS was performed ex situ with 2 MeV He ions

at the Rutgers Laboratory for surface modification. For the

RBS measurements, the detector was positioned at a 160�

backscattering angle with respect to the surface normal to

measure the Ru atom density. A Rigaku Ultima III XRD sys-

tem was used for grazing incidence XRD for crystallinity

study, while the surface and interface composition of the sam-

ples were studied by ex situ XPS using an Al Ka source

(Perkin-Elmer 5300). All of the Ru3d data were fitted using

doublets12 with Ru3d5/2 positioned at 280 eV and spin-orbit

splitting of 4.22 eV with ratio of 2:3. Doniach-Sunjic function

with the asymmetric parameter of 0.01 convoluted with Gauss

broadening to account for XPS system resolution13,14 was

used to fit the Ru3d peaks.

The sheet resistance of the Ru films was measured at

room temperature by the Alessi manual 4 point probe that

uses a C4S probe head with 1 mm spacing between the Tung-

sten carbide probe tips. The metering was provided by a

Keithly 2400 4-wire digital meter. The sheet resistance,

obtained from the FPP measurements was calculated from4

q ¼ 4:532 R dRu; (5)

where R is the resistance between the contacts as described

in Ref. 4 and dRu is the Ru thickness calculated by taking

into account both the ellipsometric value calculated using

Eq. (1) and the data obtained from the RBS measurements,

and averaging these two values. The error bars Dq were cal-

culated based on the three measurements of the resistance R

at different spots across the sample, and taking into account

the error bars of dRu obtained from RBS and ellipsometry.

A Jobin-Yvon Horiba Uvisel spectroscopic ellipsometer

was used for ex-situ characterization of the samples in 0.6–

6.5 eV spectral range (visible spectral range, thereafter

referred to as VIS-ellipsometry). To model the data, an effec-

tive medium approach (EMA) based on the Bruggeman for-

mulation15,16 was assumed to simulate the multiphase layers.

The upper layer (and a symmetric bottom layer) was consid-

ered to be composed of Ru with either air inclusions or or-

ganic inclusions (due to the remaining precursor1); the

interface consisted of SiO2 (dielectric function from Ref. 17

with Ru inclusions, and finally, 0.5 mm thick bulk Si (dielec-

tric function from Refs. 17 and 18 was positioned in the cen-

ter of this stack (see the left-side inset in Fig. 1). This model

is justified by our earlier FTIR studies of Ru deposition on

H-passivated Si, where the formation of SiO2 was observed

at the interface during Ru growth cycles.1

FIG. 1. Ellipsometric parameters tan w (left) and D (right) for (a) thick Ru

films deposited using 56–60 ALD cycles; (b) 27-cycles ALD Ru film; and

(c) Ru thin films by completion of 12 and 20 cycles, respectively. The meas-

ured data are shown by black dots. Plots (a) and (c) show two sets of data in

the similar thickness range. Red: fit obtained from the sample in the lower
number of ALD cycles. Blue: fit obtained from the sample in the higher
number of ALD cycles. The left-side insets show schematic drawings of the

layer-model that were used to fit the measured data. Upper inset: layer-

model used for (a) and (b) with the precursor inclusions in the top Ru layer;

Lower inset: layer-model used for (c) with the air inclusions in the top Ru

layer.
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To assess the level of reproducibility, each experiment

was repeated several times and data analysis performed

accordingly. In this manuscript, two spectra for each target

Ru film thickness range (above 55 cycles and below 20

cycles) are presented for clarity. Both data sets were fitted

simultaneously to obtain a consistent picture of the effective

dielectric function. Only the thickness and EMA composi-

tions were allowed to vary separately to fit the data, but the

oscillator parameters were fitted to the identical values for

both data sets. An intermediate thickness stage, obtained

with 27-ALD cycles, is presented as well. The effective

dielectric functions were modeled using the form of Lorent-

zian oscillators with the Drude term for conductivity Eq. (1).

Since effective medium approach gives a percentage

fRu Interface of Ru in Ru/SiO2 interface and the percentage

fRu top of Ru in the top layer (see the model inset in Fig. 1),

the ellipsometric thickness of Ru was calculated from

dRu ¼ dRu Interface fRu Interface þ dRu topfRu top; (6)

where dRu Interface and dRu top are the respective thicknesses

of the interfacial and the top layers simulated by the effective

medium approaches.

III. RESULTS AND DISCUSSION

The ellipsometric data obtained for all ALD-deposited

films are shown in Fig. 1. All data exhibit features related to

Si interband transitions, with the so-called critical points

marked as E1 and E2 in Fig. 1.19,20 The appearance of these

critical points suggests that the signal from the substrate is

not completely blocked by the ALD-deposited Ru films. The

data obtained from the thinnest film (12 cycles, shown in red

in Fig. 1(c)) include a feature associated with a 1.1 eV Si

bandgap.21 The appearance of this otherwise weak Si-

bandgap related spectral feature is enhanced due to the fact

that both Si surfaces are polished, allowing the light to be

multiply-reflected at the interfaces. The 1.1 eV feature is

well-reproduced by the model with a double-side polished Si

substrate with symmetrically deposited Ru on both sides of

the substrate as realized experimentally. This feature is not

observable any longer for Ru films obtained after 20-cycles

or more, due to the surface and interface roughening. As the

amount of Ru increases, there is an apparent low-frequency

Drude-like charge carrier response that develops at photon

energies below 1.5 eV.

A. Dielectric functions

In this section, we give a detailed discussion concerning the

fits of the components of the dielectric function parameterized

in accordance with Eq. (1). This allows us to extract the Drude

parameters, wp and CD from the ellipsometric measurements of

Ru samples for further evaluation of the resistivity using the

Landauer equation (ultimately presented in Sec. III C).

At the first attempt, two Ru dielectric functions were

considered in our fits: the dielectric functions suggested by

the Palik’s Handbook of Optical Constants of Solids17 and

alternatively by Choi et al.6 The dispersion of these dielec-

tric constants n and k is reproduced in Fig. 2 in dashed red

(data by Palik17) and orange (data by Choi et al.6) lines. One

can observe considerable differences, especially in the lower

spectral range (below 4 eV).

Using the layer-models shown in Fig. 1, the spectra of the

Ru thin films were first fitted using either dielectric functions

published by Choi et al.6 or by Palik.17 Both of these

approaches worked well in the high energy range but failed to

fit the data in the lower spectral range, at energies bellow

�2.5 eV. Keeping in mind the aforementioned wide variations

FIG. 3. XPS Si2p and Ru3d core-level data obtained from (a) and (a-1) bulk

samples: unmodified piranha-cleaned SiO2/Si sample and from sputter-

cleaned bulk Ru sample, respectively; (b) and (b-1): 27 cycles Ru samples;

(c) and (c-1): 12 cycles Ru samples. The superscript in Si0 and Siþ4 indicates

the oxidation state of the deconvoluted Si components.

FIG. 2. Dielectric constants n, k of Ru as determined from literature6,17

(shown in dashed red and orange) and the dielectric functions, n and k,

derived for thin Ru films. The data is calculated based on the parameters

given in Table 1. The Kramers-Kronig consistency is best observed

expanding the photon-energy scale below 0.6 eV (not shown).
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in the published Ru dielectric functions, we parameterized the

dielectric function found in Palik’s Handbook of dielectric

constants17 using a Lorentz oscillator model, as suggested by

Choi et al.6 Next, allowing minimal variations in the oscillator

parameters, the Drude parameters and film thicknesses were

fitted using data obtained from the thick films (56–60 cycles).

The result of the fit for the ellipsometric parameters tan W and

D is shown in Fig. 1(a) by blue and red lines, while the dielec-

tric function obtained for Ru thin films is shown by a black

continuous curve in Fig. 2. The resulting oscillator parameters

are summarized in Table I, and Table II lists the parameters

obtained for the thickness and EMA composition. To ensure

consistency, the data sets obtained from both 56-cycle and 60-

cycle samples were fitted simultaneously until convergence of

the oscillator parameters and the Ru thicknesses was obtained.

Fig. 2 shows that there is a good match in the higher energy

spectral range (3.5–6.5 eV) with the literature values given by

Choi et al.6 or by Palik.17 The major difference between our

fits and the literature values is primarily in the 0.5–3.5 eV

spectral range.

Next, thinner Ru films (12–27 cycles) were initially fit-

ted using the effective dielectric function obtained from the

fits of the 60-cycles Ru films. A good agreement between the

data and the fit was achieved in the range of 3.0–6.5 eV.

However, a strong Drude absorption present for the 60-cycle

Ru film hindered convergence for the fitting of thinner Ru

films in the 0.6–3.0 eV spectral range.

Based on these observations, a fit was performed on the

oscillator parameters with resonances below 3 eV, while

keeping the rest of the oscillator parameters fixed. The

results are shown in Figs. 1(b) and 1(c) and the fit parameters

are summarized in Table II. The resulting dielectric con-

stants are presented in Fig. 2 in grey. The model for the fits

of 27-cycles of Ru ALD is shown in the upper inset of Fig.

1, and the model for both 12 and 20 cycles of Ru ALD is

shown in the lower inset of Fig. 1. The difference between

the two models is that for the 27–60 cycle Ru films, the

effective medium approach results in a better convergence

when the top layer involves a nonabsorbent dielectric func-

tion of n¼ 1.48 and k¼ 0, such as a film with a large concen-

tration of precursor impurities.1 For a lower number of ALD

cycles, fewer organic impurities originating from the Ru

precursor are accumulated in that layer;1 consequently, for

12–20 cycles of Ru ALD, the best-fit is achieved when the

TABLE I. Oscillator parameters that were used to fit on the ellipsometric data shown on Fig. 1. The resulting n and k parameters are shown in Fig. 2. Published

data by Choi et al. and the parameterized data from the “Handbook of Optical Constants of Solids” by Palik17 are given for comparison. Choi et al.6 do not list

the parameters �Cd, �wp. The tabulated data for these parameters were extracted from Fig. 3(a) in Ref. 6.

Choi et al.6 Palik17 (Parameterized) Ru 56–60 c. Ru 12–27 c.

Drude parameters

�Cd (eV) 7 6.75 7 4.20

� wp (eV) 0.3 0.14 0.15 0.25

Oscillator #1

� w1 (eV) 0.6 0.5 0.58 0.62

F1 47.3 44 60 60

�C1 (eV) 1.1 0.9 1.2 0.8

Oscillator #2

� w1 (eV) 1.8 2 1.95 2.1

F1 27.1 30 35 27

�C1 (eV) 1.7 1.5 1.5 1.8

Oscillator #3

� w1 (eV) 2.9 3.0 2.9 2.9

F1 0.6 3.0 2.2 2.2

�C1 (eV) 0.8 0.9 0.7 0.7

Oscillator #4

� w1 (eV) 4.1 4.3 4.15 4.15

F1 5 1.75 2.3 2.3

�C1 (eV) 4.5 2.9 2.3 2.3

Oscillator #5

� w1 (eV) … 7.1 6.95 6.8

F1 … 1.1 1.4 1.8

�C1 (eV) … 5.0 5.5 5.5

TABLE II. Thickness correlation data based on RBS and ellipsometry. For ellipsometry, the data correspond to the model shown as an inset in Fig. 1. All sam-

ples were modeled by the identical models for consistency. However, for thick Ru films, similar goodness of fit was achieved when replacing the interface-

model by a single layer of Ru/precursor (or equally Ru/SiO2) phases. This resulted in 13 nm EMA-modeled Ru layer with 87% Ru for 60 c. sample and 10 nm

Ru EMA-layer of 90% Ru for 56 c. Ru sample. All data are shown with 15% accuracy.

Ru Top layer Ru/SiO2 interface

RBS Ru

thickness23 (nm)

Ellipsometric Ru

thickness (based on Eq. (6)) (nm) Layer thickness (nm) Ru composition (%) Layer thickness (nm) Ru composition (%)

60 cycles 9 11.4 6.4 84 6.4 94

56 cycles 8 9.2 5.3 92 5.3 82

27 cycles 4.1 4.6 4.1 82 4.1 30

20 cycles 2.5 2.9 1.9 95 5.4 20

12 cycles 1.7 1.95 1.5 70 5.0 18

113517-4 Roodenko et al. J. Appl. Phys. 112, 113517 (2012)



dielectric function of air (n¼ 1) is incorporated within the

effective medium approximation. In all EMA-based fits,

however, the interface was made up of SiO2 and Ru phases.

Similar to the thicker films, the effective dielectric function

obtained for thinner films (Fig. 2, grey) shows a good agree-

ment with literature values17 at higher frequencies. Strong

deviations are observed in 0.6–2.5 eV spectral range, due to

the suppressed charge carrier response in Ru islands as com-

pared to a thick Ru film.

B. Composition and thickness

This section addresses the composition and thickness of

the Ru films and interfacial regions. We compare the results

obtained from the fits of the ellipsometric data based on the

effective medium models with the information provided by

the RBS, XPS, and XRD measurements. This allows us to

evaluate the Ru fraction f for further evaluation of the resis-

tivity using the Landauer theory Eq. (4).

Table II suggests that for the thick (56–60 cycles) Ru

films, the thicknesses of the top Ru layer are in the range of

5.3–6.4 nm with a Ru concentration of 84% to 92%. The

overall Ru ellipsometric thickness as calculated from Eq. (6)

is in close agreement with the Ru thicknesses estimated from

RBS measurements. The discrepancies between the RBS and

the ellipsometric data arise from the fact that: (1) the evalua-

tion of the interfacial composition becomes less accurate as

the thickness of the top Ru layer becomes larger due to the

limited penetration depth22 of the probing radiation through

the metallic layer—e.g., the penetration depth for Ru at 3 eV

under the normal angle of incidence is around 14 nm—and

(2) a lower limit on the Ru thickness is set by the assumption

of a bulk Ru density23 when evaluating the Ru thickness

from RBS measurements. Indeed, in accordance with Table

II, the RBS Ru thicknesses are consistently lower than those

obtained from ellipsometry for all of the examined samples.

The interfacial concentration of Ru in the SiO2/Ru layer

gradually increases from the thinnest films (18% of Ru for

12 c.) to the thickest films (94% of Ru for 60 c.). However,

the interface is likely to include additional compounds, such

as the residual precursor (as supported by IR data in Ref. 1).

Since the refractive index of SiO2 (in the relevant spectral

range) is close to that found for the range of organic materi-

als,24 it is not possible to distinguish between these two

materials.

In the initial stages of Ru deposition (12–27 cycles), the

interface layer is well modeled by a 4–5.5 nm thick SiO2/Ru

interface with 18%–30% of Ru. This model emphasizes the

roughness of the interface as the initially H-passivated Si

surface oxidizes at the same time as the Ru islands form. For

a higher number of ALD cycles (56–60 c.), the interface is

modeled by an 82%–94% Ru composition. Replacing the

interface-model by a single layer of Ru/precursor (or equally

Ru/SiO2) phases results in 13 nm EMA-modeled Ru layer

with 87% Ru for the 60 c. sample and 10 nm Ru layer of

90% Ru for the 56 c. Ru sample with a comparable good-

ness-of-fit measure.25 This is not the case for thinner films

(12–27cycles). In these films, removal of the interfacial layer

and fitting on a single Ru film either with Ru/air or Ru/SiO2

composition result in the deterioration of the goodness of fit

by a factor of 3 or higher, depending on the sample. This

points to the formation of a rough interface at the initial

stages of Ru deposition.

To better address the interfacial composition, the decon-

voluted Si2p and Ru3d core-level spectra are shown in Fig. 3

for 12c. and 27 c. Ru films. Fig. 3(a) shows data from the

piranha-cleaned Si oxide surfaces, and Fig. 3(a-1) shows the

data obtained after 6 min of sputtering of the pure bulk Ru

sample, for comparison. The XPS data present clear evi-

dence for the formation of SiO2 at the interface. The XPS

spectra in the 278–288 eV range consist of two contributions:

the C1s core-level and the Ru3d core-level. Thus, the sput-

tered bulk Ru surface can be used as a clean-reference (free

of oxygen—as confirmed by the absence of the O1s—and of

carbon) to test the deconvolution of the Ru3d core levels of

the ALD Ru films. While the Ru3d core-level data obtained

from the sputtered bulk Ru sample did not require any addi-

tional component to be fitted (Fig. 3(a-1)), an additional

peak due to carbon was required to fit the ALD-deposited Ru

thin films. The absence of the RuO2 peaks (expected 0.65 eV

higher relatively to the position of the Ru3d5/2 peak26) in

XPS data is in agreement with the XRD spectra (Fig. 4) that

are devoid of any RuO2 phase (in agreement to the XRD

data published by Leick et al.2). The C1s peak position due

to the residual carbon was deconvoluted in the 284–285 eV

range, to account for CO and CHx species that constitute the

Ru precursor.1,27

To summarize this section, XRD, XPS, and ellipsometric

data point out on the formation of Ru films that do not contain

RuO2 phases, in accordance with the earlier observations by

Leick et al. The formation of SiO2 at the interface, as deduced

from the XPS data, is consistent with the observations of the

SiO2 absorption bands in the IR spectra previously reported

during the growth of Ru thin films.1 Not surprisingly, there-

fore, the best-fit of the ellipsometric data of thinner Ru films

(12–27 ALD cycles) was achieved using the EMA model

wherein the interface consisted of SiO2 and 18%–30% of Ru

phase. The necessity to model the interface and the topmost

layer by EMA models emphasizes the presence of an interfa-

cial layer and of surface roughness within this interface.

C. Sheet resistance

In this section, the parameters of the Ru film structure

and composition that were obtained in Secs. III A and III B

FIG. 4. XRD data obtained from 20 cycle-ALD Ru film and 60-cycle Ru

film. Similar peaks are observed in both data sets.
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are used for evaluating the Ru resistivity and compared to

the 4-probe measurements data.

Substituting the values of wp and Cd from Table I in

Eqs. (2) and (3), the Drude-derived resistivity of the Ru

islands can be calculated. Using these data along with the

fraction f1 of the Ruthenium phase (fRu top; tabulated in

Table II) as an input into the Landauer model Eq. (4), the

ellipsometry-derived DC-resistivity, qopt is then obtained.

The conductivity r1 of the second phase (essentially an insu-

lator in our case) is very small in comparison to the metallic

phase, and the results are insensitive to whether the resistiv-

ity values of air or of a material similar to SiO2 of q varying

between 1014 Xm and 1016 X m are used as an input.

The resistivity values derived from the Landauer theory

are summarized in Fig. 5 (in black) along with the data

obtained from the electrical FPP measurements (dark blue).

The Drude values for the resistivity of the Ru islands,

derived from Eqs. (2) and (3), are shown for comparison by

a broken grey line.

The resistivity values obtained from the Landauer

model are consistently higher than the electrically measured

sheet resistance values. The best agreement is achieved for

the thicker films (56–60 ALD cycles), where the composi-

tion of Ru films is better defined and the error bar is

smaller. For the thinnest film (12 c. ALD), the Landauer

values do not match the electrically measured resistivity

although they are still of the same order-of-magnitude as

what is obtained from the 4-probe measurements. There are

several possibilities for this observation. First, the inputs

into the Landauer equations strongly depend on the ellipso-

metric evaluation of the Ru composition and of the dielec-

tric function. As we have already mentioned in Sec. III B,

the surface and the interface structure of the Ru films are

complex at the initial stages of Ru deposition. Although

the proposed ellipsometric models describe well the ellipso-

metric signal, they are limited by the following assump-
tions: (1) the existence of abrupt interfaces between the

layers; and (2) a constant composition of the EMA-related

phases throughout the whole thickness of the film. In fact,

the thinner the films, the more poorly these surfaces and

interfaces are defined. The discrepancy between the Lan-

dauer values and the FPP measurements for the 12-cycles

Ru films indicates that the ellipsometric models probably

underestimate the Ru concentration in the top-most layer.

This discrepancy can also be related to the particular differ-

ences between the two measurement methods: while the

FFP measures the overall film resistivity in a parallel cir-

cuit, where the current flows in a favorable conduction

path, the ellipsometric models provide average values over

the given layers. Thus, it is not surprising that the FFP mea-

surement yields smaller values. This effect perhaps enlarged

by a partial percolation of the Ru in the films.28

A thickness-dependent resistivity was also observed for

Ta deposited on TaN by Rudra et al.7 who attributed the

changes in resistivity to the crystallographic variations of Ta,

with the a-phase of Ta becoming more prominent with

increasing thickness. This is not the case for Ru films since

the XRD data obtained from both the 20-cycles and the 60-

cycles Ru films Ru films are identical (see Fig. 4).

On the other hand, Leick et al.2 observed a much lower

thickness-dependent behavior than in our films for Ru films

deposited on TiN substrates using a similar ALD process,

although there is a good agreement between our data and the

data presented by Leick et al.2 for thick Ru films. As the

films become thinner, the resistivity of Ru deposited on Si

increases strongly, while the resistivity values of Ru depos-

ited on TiN stay relatively low. These differences cannot be

attributed to the crystallographic structure of the deposited

Ru because the XRD data of Ru deposited on Si in our case

are identical to that published by Leick et al.2 The most

likely cause for the differences of the resistivity dependence

as a function of Ru thickness is the difference in the growth

mechanism on Si and TiN. The most plausible explanation

for the observed thickness-dependent resistivity is the island-

growth of Ru on originally H-passivated Si surfaces, where

isolated islands are formed at the initial stages of Ru deposi-

tion and then slowly coalesce as the number of the ALD

cycles increases. This hypothesis is supported by a recent

publication by Yim et al.,11 whose results indicate that the

nucleation of Ru islands on nitride (SiNx) surfaces is signifi-

cantly enhanced in comparison to nucleation of Ru islands

on SiO2 surfaces.

IV. CONCLUSIONS

In conclusion, we have shown that the resistivity of thin

metallic films evaluated from the ellipsometric optical

response using the Landauer theory can be correlated to the

sheet resistance obtained by the direct electrical 4-point

probe measurements when care is taken to determine the pre-

cise effective-medium composition of the top layer. The

island-growth mechanism of Ru on originally H-passivated

Si results, however, in a complex surface and interface struc-

ture at the initial stages of atomic-layer deposition. Consist-

ent with our earlier published IR spectra,1 the ellipsometric

data suggest the formation of a rough SiO2/Ru interface dur-

ing the initial Ru-ALD cycles. These initial stages of Ru

growth on Si are characterized by a conductivity lower than

FIG. 5. Resistivity data based on FPP measurements (dark blue); Landauer

theory (black), and the data reproduced with permission from N. Leick

et al., J. Vac. Sci. Technol. A 29, 021016 (2011). Copyright 2011, American

Vacuum Society, showing thermal ALD Ru films deposited on TiN, for

comparison (light blue). The broken grey line represents data calculated

based on Drude model Eq. (3). The average film thickness (in our experi-

ments) was obtained from RBS and ellipsometric data.
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that observed for Ru grown on TiN substrates for similar

film thicknesses. This observation is consistent with the ear-

lier studies11 indicating that the nucleation of Ru islands on

nitride surfaces is significantly enhanced in comparison to

nucleation of Ru islands on SiO2 surfaces. With increasing

Ru thickness, the measured conductivity approaches Ru re-

sistivity values similar to those obtained by other groups on

TiN2.
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