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In situ spectroscopic ellipsometry study on the growth of ultrathin
TiN films by plasma-assisted atomic layer deposition

E. Langereis,a� S. B. S. Heil, M. C. M. van de Sanden, and W. M. M. Kesselsb�

Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513,
5600 MB Eindhoven, The Netherlands

�Received 6 March 2006; accepted 12 May 2006; published online 31 July 2006�

The growth of ultrathin TiN films by plasma-assisted atomic layer deposition �PA-ALD� was studied
by in situ spectroscopic ellipsometry �SE�. In between the growth cycles consisting of TiCl4
precursor dosing and H2–N2 plasma exposure, ellipsometry data were acquired in the photon energy
range of 0.75–5.0 eV. The dielectric function of the TiN films was modeled by a Drude-Lorentz
oscillator parametrization, and the film thickness and the TiN material properties, such as
conduction electron density, electron mean free path, electrical resistivity, and mass density, were
determined. Ex situ analysis was used to validate the results obtained by in situ SE. From the in situ
spectroscopic ellipsometry data several aspects related to thin film growth by ALD were addressed.
A decrease in film resistivity with deposition temperature between 100 and 400 °C was attributed
to the increase in electron mean free path due to a lower level of impurities incorporated into the
films at higher temperatures. A change in resistivity and electron mean free path was observed as a
function of film thickness �2–65 nm� and was related to an increase in electron-sidewall scattering
for decreasing film thickness. The TiN film nucleation was studied on thermal oxide covered c-Si
substrates. A difference in nucleation delay was observed on these substrates and was related to the
varying surface hydroxyl density. For PA-ALD on H-terminated c-Si substrates, the formation of an
interfacial SiNx film was observed, which facilitated the TiN film nucleation. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2214438�
I. INTRODUCTION

Atomic layer deposition �ALD� has recently gained a lot
of interest in research and development due to its intrinsic
growth control by the virtue of self-limited surface
reactions.1–4 The characteristic layer-by-layer growth, excel-
lent uniformity, and ultimate conformality in high-aspect ra-
tio features make ALD a promising technique to deposit ul-
trathin films in integrated circuits.1 In the literature, many
ALD schemes are reported to achieve layer-by-layer growth
of a large variety of materials.2,4 In addition, the plasma-
assisted atomic layer deposition �PA-ALD� technique is be-
lieved to offer the same advantages as ALD as well as a
larger freedom in materials and processes, improved material
quality, and lower deposition temperature.5–7

When reducing the film dimensions towards the nano-
meter scale, detailed insight into aspects such as finite size
effects, film nucleation, and interface formation/modification
becomes essential.8–11 Therefore, successful application of
ultrathin films in devices has to be accompanied by accurate
metrology techniques to determine the properties of these
thin films. The films are mostly studied by ex situ diagnostics
giving detailed insight into the thin film properties, however,
at the cost of time-consuming and often sample-destructive
procedures. For example, Satta et al. reported on the ALD
film growth process using elaborate Rutherford backscatter-
ing spectroscopy,9 but the analysis required separate samples
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for each condition and film thickness that was examined.
Furthermore, for materials that are air sensitive, an ex situ
measurement could result in different material properties due
to the exposure of the films to the ambient.

A detailed understanding of the growth process and ma-
terial properties of the ultrathin films can be obtained by the
application of in situ diagnostics. In the literature, several in
situ studies on ALD-deposited thin films have been reported
using diagnostics such as quartz crystal microbalance
measurements,12,13 x-ray diffraction spectroscopy,14 and in-
frared spectroscopy.15,16 In this paper, we will present an in
situ study of ALD thin film growth using the optical, nonin-
trusive technique of spectroscopic ellipsometry �SE�, which
can give insight into both the film thickness and the film
properties of the thin films.

Several aspects of ultrathin film growth can be addressed
by monitoring the process with spectroscopic ellipsometry.
Ellipsometry is an accurate diagnostic to determine the thick-
ness of the deposited layer. It is fast and nondestructive and
can be used on wafer, which enables the in situ determination
of the film thickness and, consequently, the growth rate of
the process. The high sensitivity of ellipsometry ��0.01
monolayer� can also be used to study the film nucleation at
the early stages of growth.17 For many ALD processes, a
distinct nucleation delay is observed due to the limited den-
sity of nucleation sites on the substrate surface.9,16 Therefore,
an understanding of the film nucleation is indispensable to
know the film thickness after a certain number of cycles.
Another important aspect which is closely related to initial

film growth is substrate modification and interface layer for-

© 2006 American Institute of Physics34-1
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mation which can take place during the deposition process.
Especially for applications relying on interface properties or
based on a nanolaminate stack of films, the oxidation or ni-
tridation of the underlying material during film growth could
affect the aimed device structure and, thereby, deteriorate the
device performance.10,18 Because ellipsometry is sensitive to
the optical constants of a material, it can be used to monitor
the formation of an interfacial film given that the optical
contrast between the different layers is sufficient.

Secondly, from the dielectric function of the deposited
film determined from the spectroscopic ellipsometry data,
material properties such as refractive index and extinction or
absorption coefficient can be extracted. In addition, for thin
metal films or films with metallic behavior, also the elec-
tronic properties can be calculated. Following the classical
theory of light dispersion, the Drude theory can be used to
model the intraband absorption in the metallic film.19,20 In an
ideal metal with all electrons free, the unscreened plasma
energy ��pu is defined by the energy position where the real
part of the dielectric function is zero:19

��pu = �� Ne2

�0m* , �1�

where � is Dirac’s constant, N is the conduction electron
density, e is the electron charge, �0 is the permittivity of free
space, and m* is the electron effective mass. From the un-
screened plasma energy in combination with the Drude
broadening of the absorption, material parameters such as
conduction electron density, electron mean free path, electri-
cal resistivity, and mass density can be calculated. Therefore,
in situ spectroscopic ellipsometry can be used to probe the
electronic properties of films obtained under different depo-
sition conditions as well as the dependence of the electronic
properties on the film thickness. The so-called size effects
become increasingly important for the future application of
ultrathin films. For instance, Steinhögl et al. showed for the
application of copper in interconnects that the conductivity
of the metal strongly depends on the dimensions. They re-
ported that an increase in resistivity caused by size effects in
narrow copper lines ��100 nm� cannot be avoided and will
require design rule modification.8 It is obvious that the
change of material properties with film thickness is of key
importance for ALD of ultrathin metallic films and should be
studied in greater detail.

In addition to the work of Patsalas and Logothetidis who
used spectroscopic ellipsometry to study dc reactive magne-
tron sputtered TiN films,21,22 we will use in situ spectro-
scopic ellipsometry to obtain detailed information on the film
thickness and the material properties during the PA-ALD
growth process of ultrathin TiN films. The experimental pro-
cedure and ellipsometry data analysis procedure using the
Drude-Lorentz oscillator parametrization will be described in
more detail in Secs. II and III, respectively. The TiN film
thickness and material properties determined by spectro-
scopic ellipsometry will be related to the results of ex situ
diagnostics and aspects such as size effects, film nucleation,
and interface layer formation during PA-ALD will be dis-

cussed in Sec. IV. The conclusions are given in Sec. V.
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II. EXPERIMENTAL SETUP

The thin TiN films were deposited by the PA-ALD tech-
nique using the deposition system schematically shown in
Fig. 1 and that is described extensively in a previous
publication.6 Briefly, the system consists of a deposition
chamber, a TiCl4 dosing system, and plasma source, which
are separated by pneumatic gate valves. The radio frequency
plasma power �100 W� is coupled inductively to the plasma
source which consists of a multiple-turn copper coil wrapped
around a quartz tube. The wall-heated ��80 °C� deposition
chamber contains a resistively heated substrate holder
�25–400 °C�. A PA-ALD cycle consists of 5 s of TiCl4 ex-
posure, followed by a 10 s purge with argon gas, subse-
quently 15 s plasma exposure, and 10 s pump down to base
pressure �10−6 Torr�. During TiCl4 dosing the top and bot-
tom pneumatic gate valves are closed and TiCl4 vapor from a
trapped volume is injected �Fig. 1�. This leads to a pressure
of 3 mTorr in the chamber during TiCl4 dosing. The plasma
is operated on H2 and N2 gas �10:1 ratio� at a total pressure
of 11 mTorr.

The film growth was monitored by in situ SE using the
optical viewports on the vacuum chamber �Fig. 1�. The SE
measurements were performed using a J.A. Woollam, Inc.
M2000U visible and near-infrared rotating compensator el-
lipsometer �0.75–5.0 eV�. The ellipsometer light source con-
sists of a high pressure xenon arc lamp, a fixed polarizer �P�,
and rotating compensator �C� to define the polarization state
of the light. After reflection on the substrate the polarization
state of the light is determined by a fixed analyzer �A�. In the
detector, two mirrors split the reflected light into infrared and
visible light, which is coupled via two optical fibers towards
the spectrographs and photodiode arrays where the spectro-
scopic information of the reflected light is extracted. The
angle of incidence was fixed to 68° with respect to the sub-
strate normal and is close to the Brewster angle of silicon,
which enlarges the sensitivity of in situ SE when measuring
on silicon-based substrates.23 The spot size on the substrate
was �5 mm in diameter. Pneumatic gate valves are present

FIG. 1. �Color online� Schematic representation of the plasma-assisted
atomic layer deposition system to deposit TiN films. The chamber is
equipped with optical viewports to monitor the film growth in situ by spec-
troscopic ellipsometry.
between the vacuum chamber and the optical windows to
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prevent film deposition on the windows during the PA-ALD
cycles.

The PA-ALD TiN films were deposited on different sub-
strate materials. Depositions on native oxide covered c-Si
substrates were used to determine typical material properties
of the TiN film. The nucleation of TiN was studied on dif-
ferent silicon oxide substrates prepared by the method of
calcination. The surface of the silicon oxides is covered with
hydroxyl groups and siloxane bridges with the surface den-
sity of the hydroxyls mainly depending on the preheat tem-
perature of the oxide.24 Thermal oxides were prepared by
heating c-Si substrates up to 750 °C �24 h, �50 nm SiO2�
and 1000 °C �6 h, �180 nm SiO2� and the oxide surfaces
are reported to have hydroxyl densities of 1–2 and
0–0.5 nm−2, respectively.24 The nucleation on these oxides
was compared to the growth on a standard, as-received ther-
mal silicon oxide wafer ��410 nm SiO2 on c-Si�. Further-
more, PA-ALD was studied on H-terminated c-Si substrates
obtained by removal of the native oxide from a Si wafer with
a 2% buffered HF solution.

The film properties obtained from the in situ SE data
were compared to the properties obtained by ex situ
diagnostics.7 The film thickness and mass density were de-
termined from x-ray reflectivity �XRR�. The film stoichiom-
etry and impurity content were determined by Rutherford
backscattering spectroscopy �RBS�, elastic recoil detection
�ERD� analysis, and x-ray photoelectron spectroscopy
�XPS�. Four-point probe �FPP� measurements and x-ray dif-
fraction �XRD� were used to determine the film resistivity
and grain size, respectively.

III. SPECTROSCOPIC ELLIPSOMETRY

A. Data acquisition and optical model

After each PA-ALD cycle, spectroscopic data over the
entire photon energy range were obtained by opening the
gate valves to the ellipsometer light source and detector. To
obtain a high signal to noise ratio in both the visible and the
infrared part of the spectrum, each SE measurement con-
sisted of the averaging of 500 data acquisitions leading to a
measurement time of approximately 1 min. After the mea-
surement, the gate valves were closed and the deposition
process continued.

From model-based analysis of the ellipsometry data, the
thickness of the film �for sufficiently thin films in the case of
metallic films� as well as the optical constants can be ex-
tracted. The ellipsometry data can be expressed in terms of
the pseudodielectric function ���, which is represented in real
��1� and imaginary ��2� parts. Prior to the film deposition,
the pseudodielectric function of the substrate was deter-
mined. For the H-terminated c-Si substrates, the pseudodi-
electric function was modeled with a semi-infinite silicon
substrate which includes the substrate temperature depen-
dence of the optical constants of silicon.25 The substrate
modeling of the native and thermal oxide substrates required
an additional Cauchy layer to describe the contribution of the
transparent oxide film to the pseudodielectric function of the

17
substrate.
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The deposited TiN film was modeled by adding another
layer on top of the substrate model. Assumptions within this
approach are that the deposition process does not affect the
substrate properties and that a surface roughness layer can be
neglected. The latter assumption was validated by the low
surface roughness �0.4 nm for a 12 nm film� observed by
atomic force microscopy �AFM� measurements �see Sec.
IV�. In the present work, the modeling of the ellipsometry
data was performed using the WVASE32 software for data
analysis from J.A. Woollam.26 The quality of the fit can be
expressed by the mean squared error �MSE� between the
experimental data and the model fit. The data fitting used a
Levenberg-Marquardt algorithm to minimize the MSE.17

B. Dielectric function of TiN

1. Drude-Lorentz oscillator parametrization

The dielectric function of the TiN films can be modeled
by a Drude-Lorentz oscillator parametrization.21,22 The
Drude oscillator accounts for the intraband absorption of the
free electrons and, therefore, contains information on the me-
tallic properties of the TiN film.19 The interband absorptions
in the TiN can be described by Lorentz oscillators.21 In the
literature, the dielectric function of TiN is often composed of
two Lorentz oscillators to account for the interband absorp-
tion around 3.5 and 5.2 eV.21,27,28 We adopted the same
model and describe the dielectric function � by the combina-
tion of a Drude term and two Lorentz oscillators:

���� = �� −
�pu

2

�2 − i�D�
+ 	

j=1

2
f j�0j

2

�0j
2 − �2 + i� j�

. �2�

In Eq. �1�, �� is equal or larger than unity to compensate for
the contribution of higher-energy transitions that are not
taken into account by the Lorentz terms. The Drude term is
characterized by the unscreened plasma energy ��pu and the
damping factor �D. The Lorentz oscillators are located at
energy position ��0j, with strength f j and damping factor � j.

Figure 2 shows a typical example of the dielectric func-
tion of a thin TiN film, which was deposited in 220 cycles
onto a thermal oxide substrate prepared at 750 °C. The di-
electric function of the thin TiN film was extracted from the
data by the Drude-Lorentz parametrization. Both the real
��1� and imaginary ��2� parts of the dielectric function are
shown and the contributions of the Drude and Lorentz oscil-
lators are indicated. Due to the near-infrared extension up to
a wavelength of 1700 nm, a large part of the Drude oscillator
is probed and, therefore, the Drude term can be fitted with
high accuracy.

From the Drude oscillator parameters, material param-
eters such as the conduction electron density �Eq. �1��, the
mean free path �MFP� of the conducting electrons, the resis-
tivity ���, and mass density ��m� can be calculated according
to the free-electron model:19

MFP = �
 3	2�0

�m*e�2�1/3�pu
2/3

�D
, �3�

� = � 1

�0
 �D

�2 , �4�

pu
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�m = ��0m*A

e2N0Z
�pu

2 , �5�

where N0 is the number of Avogadro, Z is the number of
conduction electrons per atom, and A is the atomic mass of
the material, respectively. For TiN, the atomic mass is A
�=ATi+AN�=62 amu and we assume a value of Z=0.95.21 An
estimation on the effective electron mass is required to cal-
culate the mass density. Following Patsalas and Logothetidis,
we estimate the effective electron mass to be m*=1.15me, in
which me is the electron rest mass.21

The Lorentz oscillators can be used to obtain insight into
the stoichiometry of the TiN film. In literature, it is reported
that the stoichiometry of the films can be related to the
screened plasma energy.29,30 In contrast to the unscreened
plasma energy which is defined for an ideal metal �only a
Drude oscillator�, the screened plasma energy ���ps� is in-
troduced for a nonideal metal with interband transitions re-
lated to absorptions by bound electrons. The screened plasma
energy is defined by the energy position where the real part
of the dielectric function of the nonideal metal is zero �cf.
Fig. 2�. The strength and position of the Lorentz oscillators
will mainly affect the screened plasma energy and, thereby,
give insight into the film stoichiometry. However, it must be
noted that the Lorentz oscillator fitting is often not unique
resulting in a relatively large uncertainty in the Lorentz fit

FIG. 2. �Color online� �a� The real ��1� and �b� the imaginary ��2� part of the
dielectric function for an 11.7 nm thick TiN film deposited at 400 °C as
obtained from the spectroscopic ellipsometry data using the Drude-Lorentz
parametrization. The separate contributions of the Drude and two Lorentz
oscillators to the dielectric functions are indicated.
parameters.
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2. Direct numerical inversion

The dielectric function of the TiN film can also be ex-
tracted directly from the pseudodielectric function of the to-
tal sample by the method of direct numerical inversion.31

Assuming that the substrate properties are not affected by the
deposition, trial spectra of �1 and �2 can be obtained by a
wavelength point-to-point exact numerical inversion using
trial film thicknesses. This procedure is repeated for several
trial thicknesses and it is decided upon the correct film thick-
ness from the criterion that the �1 and �2 spectra should be
smooth and show no unphysical artifacts such as strange �os-
cillatory� features. Here, the method of direct numerical in-
version was used to examine whether the Drude-Lorentz pa-
rametrization is adequate to model the very thin TiN films.
Figure 3 shows a comparison of the dielectric functions ob-
tained from both model approaches applied to the same data
used in Fig. 2. It is seen that the dielectric functions of both
the model approaches overlap very well in a large photon
energy region. The TiN film thicknesses obtained from the
Drude-Lorentz parametrization and the direct numerical in-
version method result in consistent thicknesses of 11.7±0.5
and 11±1 nm, respectively. Furthermore, it is observed that
both methods show good agreement for film thicknesses
down to 3 nm, as is reported elsewhere.32

The pseudodielectric function of a 65 nm thick TiN film
is also plotted in Fig. 3. The pseudodielectric function of this

FIG. 3. �Color online��a� The real ��1� and �b� the imaginary ��2� part of the
dielectric function of an 11.7 nm thick TiN film deposited at 400 °C as
obtained from the spectroscopic ellipsometry data using the Drude-Lorentz
parametrization and the direct numerical inversion method. The dielectric
functions are compared to the pseudodielectric functions ��1� and ��2� of a
nearly opaque 65 nm thick TiN film.
thick film is approximately equal to the bulk TiN dielectric

 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



023534-5 Langereis et al. J. Appl. Phys. 100, 023534 �2006�
function because the film is nearly opaque. Figure 3 shows
that the dielectric function of the thin TiN film has a good
overlap with the pseudodielectric function of the thick TiN
film. A slight discrepancy between the dielectric functions of
the thin and thick TiN is, however, observed at higher photon
energies. The influence of a surface roughness layer on the
dielectric function of the thin film was simulated, but could
not account for the observed difference. Most likely, the dis-
crepancy can be explained by slight change in TiN material
properties during growth �see Sec. IV�, which might shift the
Lorentz oscillator to a higher photon energy.

From a careful examination, it was found that the film
thickness deduced does not depend critically on the specific
material properties used. This has the important implication
that the film thickness as a function of PA-ALD cycles can
be accurately determined using the fit parameters that are
optimized for the final film thickness. This approach makes
the data analysis less laborious than having to optimize the
complete set of model parameters to extract film thickness
for each in situ measurement. Typical Drude-Lorentz fit pa-

TABLE I. Typical Drude-Lorentz oscillator model parameters for a thin and
a thick �nearly opaque� TiN film deposited by PA-ALD at 400 °C. The
unscreened plasma energy ��pu and the Drude broadening �D are given for
the Drude term. The oscillator strength f i, position ��0i, and broadening �i

are shown for the two Lorentz oscillators and the offset energy �� takes
higher-energy terms into account. The values reported by Patsalas and
Lodothetidis for dc magnetron sputtered TiN films �thickness of
10–100 nm� are shown for comparison �Ref. 21�.

12 nm
PA-ALD TiN

65 nm
PA-ALD TiN

10–100 nm
magnetron sputtered TiN

Drude
��pu �eV� 7.22±0.05 7.29±0.02 5.7–7.8
�D �eV� 0.86±0.05 0.61±0.01 0.3–1.1

Lorentz
f1 �eV� 0.8±0.2 0.2±0.1 0.1–0.6

��01 �eV� 3.8±0.1 3.6±0.1 3.62–3.68
�1 �eV� 1.6±0.1 0.7±0.1 0.7–1.0
f2 �eV� 3.5±0.3 5.8±0.1 1.5–5.8

��02 �eV� 5.6±0.1 6.4±0.1 5.2–6.3
�2 �eV� 2.3±0.3 4.7±0.2 2.3–3.8
�� �eV� 3.0±0.1 1.5±0.1 Not reported

FIG. 4. �Color online�Thickness of TiN films as a function of number of
PA-ALD cycles as obtained by in situ spectroscopic ellipsometry. The films
were deposited on native oxide covered c-Si substrates for substrate tem-

peratures between 100 and 400 °C.
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rameters for a thin and thick TiN film are presented in Table
I. These values are compared to values obtained from the
literature and a good agreement in Drude-Lorentz fit param-
eters is found with the results obtained by Patsalas and Logo-
thetidis, who used dc reactive magnetron sputtering and an
additional substrate bias to deposit their TiN films.21 In par-
ticular, the Drude term is well defined due to the dominant
contribution in the dielectric function �cf. Fig. 2�. The fit
procedure was therefore mainly focused on this Drude term
which is also used to calculate the material parameters of the
TiN film. The results obtained are compared to ex situ analy-
sis in the next section.

IV. RESULTS AND DISCUSSION

A. Material properties of ultrathin TiN films
determined by in situ SE

1. Physical properties TiN films

Spectroscopic ellipsometry is used to monitor the PA-
ALD of TiN for different deposition temperatures
�100–400 °C� on native oxide covered silicon substrates.
The TiN film thickness as a function of PA-ALD cycles is
shown in Fig. 4. The material properties calculated from the
in situ ellipsometry data are shown in Table II for the films
ranging in thickness between 10 and 23 nm. Figure 4 shows
that the film thickness is linear with the number of ALD
cycles for the full range of deposition temperatures investi-
gated, apart from a nucleation region ��50 cycles� for initial
film growth �see Sec. IV B�. The growth rate of the PA-ALD
process is given by the slope of the growth curves for the
linear growth region �cf. Table II� and it is observed that the
growth rate per cycle increases with increasing deposition
temperature. Such an increase in growth rate with deposition
temperature was also reported by others for similar ALD
processes.33,34

Ex situ XRR measurements were carried out to measure
the film thickness for TiN films deposited at H-terminated
c-Si substrates; however, the films were deposited with a
different number of cycles compared to the films listed in
Table II. Therefore, the growth rate obtained from both tech-
niques will be compared. The growth rates calculated from
the XRR measurements are 0.062±0.002, 0.035±0.002,
0.027±0.002, and 0.026±0.002 nm/cycle for depositions at
400, 300, 200, and 100 °C, respectively, which is in fair
agreement with the growth rate obtained by SE.

Atomic force microscopy data in Table II show that the
deposited films have a low surface roughness which is com-
parable to the surface roughness ��0.3 nm� of the substrate
itself. On the basis of this low surface roughness, as expected
for the layer-by-layer growth by ALD, we conclude that the
films are sufficiently smooth to omit a surface roughness
layer in the optical model used for SE data analysis.

RBS analysis showed that the TiN films are �nearly� sto-
ichiometric ��N� / �Ti�=1.0±0.1� with only a small Cl and O
impurity content. This shows that good quality TiN films can
be deposited by PA-ALD even at low substrate temperature
while it also validates the SE data analysis based on the
Drude-Lorentz parametrization for TiN. The film stoichiom-

etry is also deduced from the SE analysis by the determina-
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tion of the screened plasma energy. We found that the
screened plasma energy of the deposited films does not de-
pend on deposition temperature and the value of ��ps

=2.3±0.1 eV corresponds to a slightly overstoichiometric
TiNx �x=1.1� film.29,30 Considering the uncertainty in this
method, this is in fair agreement with the results obtained by
RBS analysis.

The mass density calculated from in situ SE can be com-
pared with ex situ XRR data for two thick TiN films that
were deposited at 100 and 400 °C in order to obtain a suffi-
cient sensitivity in the XRR mass density. For a 45 nm thick
TiN deposited at 100 °C mass densities of 3.9±0.1 and
3.7±0.1 g/cm−3 were obtained from the SE and XRR data,
respectively. For a 65 nm thick TiN deposited at 400 °C, the
SE and XRR measurements resulted in 4.8±0.1 and
4.9±0.1 g cm−3, respectively. These values for the mass den-
sity are somewhat lower than the literature value for bulk
TiN �5.21 g cm−3�,35 but the values are similar to densities of
thin TiN films reported in the literature.9,21

2. Electronic properties of TiN films

The electronic properties of the TiN films are directly
calculated from the in situ SE data using the Drude-Lorentz
parametrization. However, the electronic properties of the
TiN film depend on substrate temperature due to electron-
phonon scattering.36 Therefore, to make a correct comparison
between the electronic properties of the films deposited at
different temperatures, these properties should be determined
at the same substrate temperature. To do so, the temperature
coefficient of the electronic properties was determined and
used to correct the in situ data obtained at the specific depo-
sition temperature to room temperature.

A TiN film was deposited at a substrate temperature of
400 °C and in situ SE was used to monitor the change in the

TABLE II. Material properties of thin TiN films dep
substrate temperatures. Using the Drude-Lorentz par
electron density, electron mean free path �MFP�, res
ellipsometry data. The resistivity and electron MFP ar
�in between parentheses�. The accuracy of the data fi
Atomic force microscopy is used to determine the
content are determined by Rutherford backscattering
errors in the parameters unless indicated otherwise.

40

MSE of fit
Film thickness �nm� 23

Growth rate �nm/cycle� 0.05
Conduction electron density N �1022 cm−3� 4.

Electron mean free path �MFP� �nm� 0.72 �0
Resistivity � ��� cm� 142 �

Mass density �m �g cm−3�a 4.
Surface roughness �nm� 0.
Stoichiometry �N� / �Ti� 1.0

Cl content �at. %� 0.
O content �at. %� 1.

aAssuming that the effective mass m*=1.15me as rep
Drude fit parameters as a function of substrate temperature
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during the cooling down of the sample to room temperature.
It was observed that only the Drude broadening varied with
temperature and that the unscreened plasma energy remained
approximately constant. The resistivity, electron MFP, and
conduction electron density were calculated from the data
and are shown in Fig. 5 as a function of substrate tempera-
ture. The resistivity increases and electron MFP decreases
linearly with increasing substrate temperature as caused by a
more pronounced electron-phonon scattering at higher sub-
strate temperature. Electron-phonon scattering should have
no influence on conduction electron density, which is vali-
dated by the temperature independent conduction electron
density observed in Fig. 5�b�. The calculated temperature
coefficient of resistivity �TCR� for TiN of 5.5
10−4 K−1 is
in good agreement with the TCR values of 6
10−4 K−1

�Ref. 37� and �1.9–8.3�
10−4 K−1 �Ref. 38� reported for
TiN in the literature.

The resistivity values determined by in situ SE for the
films deposited at different substrate temperatures were cor-
rected to room temperature and are compared to ex situ FPP
measurements in Fig. 6�a�. The figure shows that the resis-
tivity of the TiN films decreases with increasing deposition
temperature. A good agreement is observed between the in
situ SE and ex situ FPP data for substrate temperatures be-
tween 200 and 400 °C. The larger difference observed for
100 °C can possibly be attributed to postprocess oxidation39

of the 100 °C TiN film which has a lower mass density �as
clearly suggested by the 45 nm thick film� and a higher O
impurity content �cf. Table II�. Furthermore, from the data
we can draw the important conclusion that our PA-ALD
technique results in low resistivity TiN films, even at 100 °C
deposition temperature as compared with results reported in
the literature.7,34,40

The electrical resistivity of a metallic film is inversely

on native oxide covered c Si substrates at different
rization, the film thickness, growth rate, conduction
ty, and mass density are calculated from the in situ
n at deposition temperature and at room temperature
pressed by the mean squared error �MSE� of the fit.
e roughness, while the stoichiometry and impurity

troscopy. The first column gives the typical absolute

Deposition temperature

300 °C 200 °C 100 °C

16 18 95
5 17.1 10.7 10.2±1
01 0.044 0.028 0.028±0.003

4.3 4.3 4.6±0.3
0.05 0.73 �0.86� 0.59 �0.68� 0.32 �0.36�±0.2
10 142 �126� 176 �166� 315 �310�±40

4.7 4.6 5.0±0.4
0.5 0.3 0.4

5 0.91 0.95 1.0
0.4 1 7
2.8 1.4 4.4

in Ref. 21.
osited
amet
istivi
e give
t is ex
surfac
spec

0 °C

16
.0±0.
7±0.0
4±0.1
.90�±
121�±
7±0.1
5±0.1
±0.0

3±0.2
6±0.2
proportional to both the electron MFP and the conduction

 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



023534-7 Langereis et al. J. Appl. Phys. 100, 023534 �2006�
electron density. Therefore the trend of the resistivity in Fig.
6�a� can be understood in more detail by considering these
properties which were also calculated from the in situ SE
data and which are shown in Fig. 6�b�. The figure shows that
the electron MFP increases with deposition temperature,
while the conduction electron density remains virtually con-
stant. The observed increase in resistivity for lower deposi-
tion temperature in Fig. 6�a� can therefore be attributed to the
decrease in electron MFP.

The electron MFP can be compared to the grain size
which was determined from XRD analysis on the 45 nm
thick TiN film deposited at 100 °C. The XRD analysis
showed that the TiN film contained elliptical grains with a
height and lateral width of 10 and 6 nm, respectively. As-
suming that films initially grow by the coalescence of nucle-
ation sites, we estimate that a thinner TiN film will have a
smaller grain height, but a similar value of the lateral grain
size. This estimation is substantiated by Li et al., who deter-
mined the grain size of a thin TiN film. They reported a
lateral grain size of 4 nm for 6 nm thin TiN films deposited
by dc reactive magnetron sputtering.14 Consequently, the ob-
served electron MFP of the TiN films deposited at 100 °C is
an order of magnitude smaller than the grain size determined
with XRD. Therefore it can be concluded that the electron
MFP is not limited by the grain size of the TiN film but by

FIG. 5. �Color online� The intrinsic temperature dependence of �a� the re-
sistivity, and �b� the electron mean free path �MFP� and the conduction
electron density. The data were obtained for a TiN film deposited at 400 °C
by monitoring the film by ellipsometry during the cooling down process
from 400 to 100 °C. For the resistivity and electron mean free path, the
solid lines are fits to the data which are used to extrapolate the in situ data
to room temperature. The dashed line for the conduction electron density is
a guide to the eye.
the presence of point defects and impurities in the film �cf.
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Table II�. Especially the increasing Cl impurity level shows a
clear correlation with the decreasing electron mean free path
in the film, as shown in Fig. 6�b�.

B. Issues related to ultrathin TiN film growth

In the previous section it was shown that information on
important material properties of the TiN films can be ob-
tained by in situ SE and that the results are in good agree-
ment with those obtained from ex situ analysis techniques. In
this section in situ SE will be used to get a more detailed
understanding of film growth by PA-ALD. Three important
issues of ultrathin film growth will be addressed, i.e., size
effects in ultrathin metallic films, nucleation for films depos-
ited by ALD, and interface layer formation during the PA-
ALD growth process.

1. Size effects

In situ SE is used to monitor the change in electrical
properties of TiN as a function of the film thickness for a
film deposited at 400 °C. The complete Drude-Lorentz os-
cillator model is optimized for various film thicknesses and
from the optimized fit parameters, the resistivity is calculated
as a function of film thickness. Figure 7�a� shows that the
resistivity is increasing for decreasing film thickness reveal-
ing a clear thickness dependence of the electrical properties
of the TiN. The resistivity of the 65 nm thick film of

FIG. 6. �Color online� �a� The room temperature values of the resistivity,
determined by in situ spectroscopic ellipsometry and ex situ-four point
probe analysis, and �b� the electron mean free path �MFP� and the conduc-
tion electron density as a function of deposition temperature. The data ob-
tained at a certain deposition temperature were converted to room tempera-
ture values using the relations presented in Fig. 5.
65±10 �� cm is in good agreement with the resistivity
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value of 71±10 �� cm determined by ex situ FPP.
The electron MFP and conduction electron density were

also calculated as a function of film thickness and are shown
in Fig. 7�b�. The electron MFP decreases with decreasing
film thickness, while the conduction electron density is con-
stant down to a film thickness of 5 nm and decreases when
going to even a thinner film. The decrease in electron MFP
with decreasing film thickness is the result of a more pro-
nounced contribution of electron-sidewall scattering which
starts to dominate the electron MFP for the ultrathin films.8,41

In principle, electron-sidewall scattering always has a contri-
bution to the total of scattering mechanisms in the film, but
can be neglected for thick films. Figure 7�b� therefore clearly
reveals that size effects are strongly influencing the material
properties for ultrathin films and that these size effects can be
investigated by in situ SE.

2. Film nucleation

The high sensitivity of SE in combination with the ALD
technique is an excellent tool to study the nucleation of thin
films on differently prepared substrates. To this end, TiN
films were deposited at a substrate temperature of 400 °C on
different thermal oxides prepared by the procedures de-
scribed in Sec. II. During the nucleation phase, in situ SE
data are obtained after each PA-ALD cycle and Fig. 8 shows
the TiN thickness as a function of the number of ALD cycles.
A distinction in nucleation behavior on the different thermal
oxides is observed, as can clearly be seen from the inset of

FIG. 7. �Color online� �a� The resistivity, and �b� the electron mean free path
�MFP� and the conduction electron density as a function of film thickness
monitored by in situ spectroscopic ellipsometry. The film was deposited at
400 °C and the data were converted to represent room temperature values.
Fig. 8. All films show a nucleation delay after which the
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growth rate increases when the surface becomes completely
covered with TiN nucleation sites. Figure 8 shows that at a
film thickness of approximately 2 nm, film closure is ob-
tained and the growth rate becomes constant as is expected
for ALD growth. The difference in nucleation delay can be
related to the number of reactive surface groups on the initial
thermal oxide surface.16,24,42 The surface of thermal oxide
mainly consists of siloxane bridges and only some hydroxyl
groups are present depending on the preheat temperature of
the oxide �750 °C: 1–2 OH nm−2, 1000 °C: 0–0.5
OH nm−2�.24,42 Because the TiCl4 precursor molecules can
only react with the surface hydroxyls to form nucleation
sites, the most distinct nucleation delay is observed for the
thermal oxide preheated at 1000 °C. Satta et al. observed a
similar nucleation delay on thermal oxide substrates using
Rutherford backscattering spectroscopy.9 A slight difference
in growth rate after nucleation on different substrate material
was also reported by Satta et al.,9 but the underlying mecha-
nism is still unclear.

3. Interface layer formation

Another issue related to the application of the �plasma-
assisted� ALD technique is the possible modification of the
substrate by interface layer formation during growth. In situ
SE can also be applied to study this effect as revealed by an
experiment in which a TiN film is deposited on a
H-terminated c-Si substrate, while the growth is monitored
by in situ SE. To fit the SE data, the two-layer SE model was
extended with an additional layer to model the formation of
an interface layer of SiNx in between the c-Si substrate and
TiN film as also supported by ex situ RBS and XPS measure-
ments. The dielectric function of the interfacial SiNx was
modeled by means of a standard Cauchy dispersion
relation,17 and the TiN and SiNx thicknesses were fitted as a
function of the number of PA-ALD cycles. Figure 9 shows
the resulting change in thickness of both the TiN and SiNx

films. Prior to the TiN film growth, the formation of the SiNx

layer is observed, which can be explained by the exposure of
the substrate to the H2/N2 plasma. Subsequently, the TiN

FIG. 8. �Color online� The thickness of TiN films grown on different ther-
mal SiO2 substrates monitored by in situ spectroscopic ellipsometry and
shown as a function of number of PA-ALD cycles. The inset displays the
initial growth region in more detail. Two substrates were prepared by the
method of calcination and preheated at temperatures of 750 and 1000 °C,
the other substrate was an as-received wafer with 410 nm thermal oxide.
film nucleates on the SiNx surface. Figure 9 shows that the
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interfacial film thickness finally saturates to a thickness of
3.4 nm. The interface layer thickness determined from the
SE data is close to the interface thickness determined by
XPS ��2.5 nm� and RBS analyses ��3 nm�.

In the literature, it is reported that TiCl4 molecules do
not react with silicon hydrides on a crystalline silicon
surface.43 As a consequence, the film nucleation is very slow
on H-terminated c-Si, because the TiCl4 molecules can only
nucleate on surface defects.16 The plasma-induced formation
of the SiNx film creates surface groups such as NHx groups
that are reactive to the TiCl4 molecules and facilitates the
film nucleation. The formation of an interfacial layer during
�PA-�ALD is also observed for the growth of HfO2 �Refs.
44–46� and Al2O3 �Refs. 15 and 47� but the use of in situ SE
to monitor the interface formation during ALD has not been
reported yet.

V. CONCLUSIONS

The growth process of ultrathin TiN films by the plasma-
assisted atomic layer deposition technique was monitored by
in situ spectroscopic ellipsometry with a photon energy range
of 0.75–5 eV. Adopting the Drude-Lorentz oscillator param-
etrization to describe the dielectric function of the TiN films,
the film thickness and material properties were determined
from the in situ ellipsometry data. The dielectric function of
the thin TiN films and the film thickness obtained by the
Drude-Lorentz parametrization showed good agreement with
the dielectric function and film thickness obtained by the
method of direct numerical inversion and with the bulk di-
electric function of a �nearly� opaque TiN film. Furthermore,
it was verified that the thickness and material properties of
the thin TiN films determined by in situ spectroscopic ellip-
sometry were in good agreement with the results obtained by
ex situ film analysis such as x-ray reflectometry and four-
point probe measurements.

Because electronic properties such as conduction elec-
tron density, electron mean free path, and electrical resistiv-
ity can directly be obtained from the in situ ellipsometry

FIG. 9. �Color online� The thickness of a TiN film deposited by plasma-
assisted atomic layer deposition on a H-terminated c-Si substrate shown as a
function of the number of PA-ALD cycles. The inset shows the model used
to analyze the in situ ellipsometry data. The change in thickness of a SiNx

interface layer formed during the PA-ALD process is also given.
data, the variation in resistivity of the TiN films with depo-
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sition temperature could be related to the change in electron
mean free path in the films caused by a deposition tempera-
ture dependent impurity level in the films. Moreover, by ac-
quiring in situ spectroscopic ellipsometry data during TiN
film growth, several aspects related to thin film properties
were addressed. The electrical resistivity of the films in-
creased with decreasing film thickness �2–65 nm� and this
so-called finite size effect is caused by a more pronounced
electron-sidewall scattering for decreasing film thickness
leading to a reduced electron mean free path. A distinct dif-
ference in nucleation delay on different thermal oxide sub-
strates was observed by in situ SE, which could be directly
related to the difference in density of surface hydroxyls on
the substrates. Using ellipsometry to monitor the PA-ALD of
TiN on a H-terminated c-Si substrate, the formation of an
interfacial SiNx layer was observed before the onset of TiN
film growth. It was therefore clearly established that funda-
mental insight into the growth of ultrathin films by tech-
niques such as ALD can be obtained by monitoring the pro-
cess with in situ spectroscopic ellipsometry.
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