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In this paper an atomic force microscopy analysis of the microrough upper boundaries of ZrO2 and HfO2

thin films is presented. Within this analysis the values of the width, root-mean-square value of heights
and power spectral density function of these boundaries are determined for ZrO2 and HfO2 exhibiting
different thicknesses. The thickness dependences of the quantities mentioned are introduced. The values
of the thicknesses of the films are evaluated using the combined optical method. This optical method is
also used to describe boundary microroughness within the effective medium theory. A discussion of the
results concerning the microroughness of the upper boundaries of both the ZrO2 and HfO2 thin films is
also introduced. Copyright  2002 John Wiley & Sons, Ltd.
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INTRODUCTION

Thin films of ZrO2 (zirconia) and HfO2 (hafnia) are frequently
used in practice. In particular these films are employed in
the optics industry and therefore attention in the literature
has been devoted to studies of their optical properties. In
this paper our attention is devoted to the analysis of the
structure (roughness) of the upper boundaries of both the
zirconia and hafnia films (i.e. the boundaries between the
ambient and the films). One can namely expect that this
structure can influence the optical properties of these films.
For this roughness analysis atomic force microscopy (AFM)
is employed. The influence of the thickness values of the
films on the upper boundary roughness is studied. The
thickness of the films mentioned is determined using the
combined optical method based on combining variable angle
of incidence spectroscopic ellipsometry and near-normal
incidence spectroscopic reflectometry.1 Moreover, within the
effective medium theory (EMT) the boundary roughness of
both films is optically characterized as well. A comparison of
the AFM and combined optical method results is presented.

PREPARATION OF SAMPLES AND
EXPERIMENTAL ARRANGEMENTS

The ZrO2 films were prepared using vacuum reactive evap-
oration by an electron gun onto single-crystal silicon wafers.
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The origin material was ZrO. The substrate temperature was
280 °C and the evaporation rate was ¾0.5 nm s�1. The vac-
uum pressure during evaporation was 4 ð 10�4 mbar. The
HfO2 films were prepared using the same technology onto
the same substrates. The origin material was HfO2. The sub-
strate temperature was also 280 °C, the evaporation rate was
0.3 nm s�1 and the vacuum pressure was 2 ð 10�4 mbar.

The spectral dependences of the ellipsometric parameters
 (azimuth) and  (phase change) were measured by a
Jobin Yvon UVISEL ellipsometer (� 2 h400, 830 nmi and
�0 2 h55, 75°i, where � and �0 are the wavelength and the
angle of incidence, respectively). The spectral dependences
of the reflectance R were measured using a Varian Cary
5E spectrophotometer within the same spectral region
��0 D 10°�. The AFM measurements were performed using a
commercial Accurex Topometrix atomic force microscope.

The upper boundaries of the zirconia and hafnia films
were measured using AFM in the following way: scanned
area from 1 ð 1 up to 2.5 ð 2.5 µm, tube scanner (max
range 2.5 ð 2.5 ð 0.8 µm), scan rate <2 µm s�1, standard
non-contact tip (apex ratio 1 : 5, apex curvature <10 nm)
and sharpened contact tip (apex ratio 1 : 10, apex curvature
<20 nm).

DATA PROCESSING

Processing of the AFM data
It is known that some artifacts (systematic errors) can appear
in the AFM measurements of fine structures. The main
artifact is the ‘tip convolution’ caused by the tip finite
sharpness. This effect misrepresents the measurement of the
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microroughness of a film. In particular, the lateral dimensions
of all measured objects, including the roughness, are enlarged
in AFM images. This fact affects the values of the parameters
characterizing the boundary roughness investigated. It is
therefore necessary to correct this artifact in a suitable way. In
the literature there are several procedures for this correction
(see Refs 2–4). We have used the procedure of Villarubia,3

called ‘surface reconstruction’.
Note that before applying Villarubia’s procedure the

AFM data must be corrected for the low-frequency noise
in the slow scan direction. Villarubia’s procedure is based
on using the rough surface as its own tip characterizer and
the procedure has been employed because the geometry of
the tip changed slightly during the measurements so it was
not possible to use the other modification of Villarubia’s
procedure by using a separate tip characterizer.

After reconstructing the measured boundaries we carried
out the statistical analysis of the microroughness data. First
we determined the boundary width W(L), defined as (see
Ref. 5)

W2�L� D 〈
[h�x, y�� hh�x, y�i]2〉 �1�

where h(x, y) represents the boundary heights, x and y denote
the Cartesian coordinates in the mean plane of the boundary
and the angled brackets denote statistical averaging over the
area L2. It is known that5

W�L�
{¾ L˛, �L < Lc�

D �, �L > Lc�
�2�

where ˛ is the roughness exponent related to the fractal
dimension of the rough boundaries studied and � denotes
the root-mean-square (RMS) value of the height in the
conventional meaning corresponding to a sufficiently large
scale (i.e. for lengths L larger than a certain critical length Lc).

Further, we determined the values of the power spectral
density function (PSDF) of the microrough upper boundaries
of the zirconia and hafnia thin films. This function is defined
as6,7

W1�Kx� D 2�
LM

M∑
jD0

jHj�Kx�j2 �3�

where H�Kx� is a one-dimensional Fourier transform given
as follows

Hj�Kx� D 

2�

∑
m

hj�m� exp[�i�Kxm�] �4�

where  is the distance between adjacent points of the
recorded AFM scan, M denotes the number of the rows
within the scan and Kx denotes the component of the wave
vector of the harmonic component corresponding to a certain
spatial frequency of roughness.

It should be noted that the values of Hj�Kx� are calculated
using the fast Fourier transform.

Processing of the optical data
For treating the optical data the least-squares method (LSM)
is employed. The merit function is identical to that used in
our foregoing paper,1 i.e.

S� EX� D
∑

i

j O�� EX�� O�ij2wi C
∑

j

[R� EX�� Rj]2wj �5�

where vector EX has components identical to the parame-
ters sought, complex quantity O� is expressed as O� D Orp/Ors D
tan� � exp�i�, rp and rs denote the reflection Fresnel coeffi-
cient of the system for p- and/or s-polarization, respectively,
and and are the azimuth and phase change, respectively.
Symbols i and j correspond to the summation over experi-
mental values of Opi and Rj, respectively, and wi and wj denote
the weight of the individual experimental values. The LSM
used is based on the Marquardt-Levenberg algorithm.8

The ellipsometric parameters and reflectance of the films
are calculated using the formulae derived by means of
the matrix formalism (see Refs 9–11). It is assumed that
the zirconia and hafnia films exhibit the inhomogeneity
formed by a profile in refractive index across the films. This
inhomogeneity was found in our earlier optical studies of
these films (see Refs 1 and 12). The function representing
the refractive index profiles of the inhomogeneous ZrO2 and
HfO2 thin films is parameterized as follows

n2�z, �� D n2
R���p�z�C n2

L���[1 � p�z�] �6�

where nL��� and nR��� are the refractive indices of the
upper and lower boundaries of the inhomogeneous film,
respectively, and the function p(z) is expressed as12

p�z� D Ae�az/d C Be�b�1�z/d� C c �7�

where

A D � c C �1 � c�e�b

1 � e�a�b
, B D 1 � c C ce�a

1 � e�a�b
�8�

In the foregoing equations the symbol d denotes the thickness
of the inhomogeneous film and a, b and c are parameters.
Function nL��� is fixed at unity (it is assumed that the ambient
is formed by air) and function nR��� is expressed using the
Cauchy formula, i.e. nR D AR C BR/�2. The optical model of
both of the films studied is plotted schematically in Fig. 1.
The values of the constants AR and BR are fixed at values
corresponding to the refractive indices of the bulk materials
ZrO2 and HfO2 (see Ref. 13). This means that the zirconia and
hafnia films are characterized by four optical parameters, i.e.
by parameters a, b, c and d. The values of these parameters
were determined by treatment of the experimental data using
the LSM [see Eqn. (5)]. In Table 1 the values of the parameters
a, b, c and d determined in this way are summarized for all
the samples of HfO2 and ZrO2 studied.

RESULTS

In Fig. 2 a typical AFM image of the upper boundary of one
HfO2 film is presented. Similar AFM images were obtained
for the other hafnia and zirconia thin films. In Fig. 3 the
refractive index profile n(z) adjacent to the ambient for this
HfO2 film is plotted for � D 600 nm. It is evident that part
of this refractive index profile can be used to describe the
microroughness of this boundary. This statement is implied
by the EMT. Within the EMT the microrough boundary
is represented by a transition layer whose refractive index
varies continuously between the two values corresponding
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Figure 1. (a) Schematic diagram of the geometrical model of
the films under investigation. (b) Schematic diagram of the
corresponding optical model of these films. Symbols
d, n1, n�z�, n0, nL and nR denote the thickness of the film, the
refractive indices of the substrate, film and ambient and the
refractive index value adjacent to the ambient and substrate,
respectively. Symbol z represents the coordinate of the z-axis
perpendicular to the boundary between the substrate and film.

Table 1. The values of a, b, c and d for the ZrO2 and HfO2 thin
films studieda

Sample d (nm) a b c

A1 1007 š 1 73.59 š 0.15 30.48 š 0.06 0.760 š 0.001
A2 502.8 š 0.4 56.69 š 0.69 25.51 š 0.42 0.750 š 0.001
A3 745.3 š 0.8 61.80 š 0.16 32.79 š 0.11 0.758 š 0.001
A4 290.9 š 0.2 38.55 š 0.36 14.93 š 0.19 0.760 š 0.001
B1 648.2 š 0.4 127.6 š 1.10 21.04 š 0.22 0.872 š 0.001
B2 336.7 š 0.2 70.79 š 0.76 5.69 š 0.18 0.876 š 0.001
B3 183.82 š 0.05 59.11 š 0.28 2.57 š 0.03 0.866 š 0.001
B4 61.73 š 0.03 45.07 š 2.30 5.45 š 1.03 0.934 š 0.003

a Symbols A1–A4 and B1–B4 represent the samples of the
zirconia and hafnia films, respectively (see text).

Figure 2. The AFM picture of the part of the upper boundary
of the chosen hafnia film (sample B3).

to the media adjacent to this boundary (see Refs 9 and 14).
Note that the EMT can be used to describe the microrough
boundaries if the linear dimensions of their roughness are
substantially smaller than the wavelength of light incident
onto these boundaries, which is fulfilled for the boundaries

Figure 3. The profile of the refractive index n(z) of the chosen
hafnia film (sample B3) adjacent to the upper boundary,
determined by the optical method, and the cumulative
distribution function of the heights of the upper boundary F(z)
of the same film evaluated by AFM (z denotes the coordinate
corresponding to the axis perpendicular to the boundaries).
Note that the graph of the profile of the refractive index n(z) is
shifted along the z-axis for clarity (profile n(z) starts from the
value n�z� D 1, i.e. the value n�z� D 1 must set in z D 0 only).

of both the zirconia and hafnia films studied here (see Fig. 2).
From Eqns (6)–(8) and Fig. 3 one can see that the value of
the parameter d/a equals a length proportional to the RMS
value of the microroughness of the upper boundaries from
the optical point of view. The value of d/a determines the
form of the profile of the refractive index n(z) of the film
adjacent to the upper boundary of the film. By increasing
the value of d/a the width of the profile of n(z) increases in
this region, and vice versa. Moreover, the gradient of n(z)
within the region mentioned decreases with increasing d/a,
and vice versa. The RMS value � has the same influences
on the behaviour of the cumulative distribution function
F(z) of the heights of the upper boundary. It is known that
this function F(z) coincides with the profile of the refractive
index n(z) of the fictitious thin film representing the surface
roughness within the EMT (for details see Ref. 15). Thus,
one can deduce that the quantity d/a is proportional to the
RMS value �. In Fig. 3 the cumulative distribution function
F(z) of the heights of the upper boundary of this hafnia film
determined using AFM is plotted. Similar refractive index
profiles and AFM height distribution functions were found
for the other hafnia and zirconia films.

In Table 2 the values of thicknesses d, � and d/a of all
the zirconia (A1–A4) and hafnia (B1–B4) films studied are
summarized. The dependences of � and d/a on thickness
presented in Table 2 are plotted in Fig. 4. Note that the
values of d/a were determined under the assumption that the
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Table 2. The values of � and d/a for the different thicknesses
of both the zirconia and hafnia thin films

Sample d (nm) � (nm) d/a (nm)

A1 1007 š 1 6.9 š 0.2 13.68 š 0.05
A2 502.8 š 0.4 3.8 š 0.1 8.88 š 0.11
A3 745.3 š 0.8 4.3 š 0.2 12.06 š 0.05
A4 290.9 š 0.2 2.0 š 0.1 7.55 š 0.08
B1 648.2 š 0.4 3.4 š 0.2 5.10 š 0.04
B2 336.7 š 0.2 4.2 š 0.2 4.76 š 0.06
B3 183.82 š 0.05 3.2 š 0.1 3.11 š 0.02
B4 61.73 š 0.03 0.77 š 0.08 1.37 š 0.06

Figure 4. The thickness dependences of � and d/a for the
zirconia and hafnia films studied: the points denote the
experimental values of � and d/a; the curves correspond to the
function d/a D A[1 � exp��d/B�].

thickness dependence of this quantity is

d/a D C[1 � exp��d/D�] �9�

The parameters found are: C D 5.4 š 0.3 nm and D D
198 š 35 nm for the hafnia films; and C D 15 š 2 nm and
D D 520 š 150 nm for the zirconia films. The foregoing
values of C and D have been determined by fitting the
values of d/a introduced in Fig. 4 and Table 2 by means of
the function presented in Eqn. (9) using the LSM.

The other relevant dependences describing the properties
of the boundaries of interest, i.e. the dependences of the width
W(L) on the scale L and the PSDF on Kx, are plotted in Figs
5 and 6, respectively. From Fig. 5 it can be estimated that
the threshold values of L (i.e. the value of Lc) for the hafnia
and/or zirconia films are ¾200 and 500 nm, respectively.
Moreover, from the dependences presented in Fig. 5 one
can determine the roughness exponent ˛ of the boundaries
studied [see Eqn. (2)]. We found that the values of ˛ lie within
the interval 0.4–0.7 for both films.

Figure 5. The dependences of the boundary width on the
length of the side L of the area used for its evaluation.

Figure 6. The PSDF of the upper boundaries of the zirconia
and hafnia films.

DISCUSSION

It is known that the zirconia and hafnia films exhibit the
columnar structure (see Refs 16–18). Films with a columnar
structure have rough upper boundaries (see Refs 19 and 20)
and thus the measured microroughness represents the form
and dimensions of the tops of the columns in the films.

The function F(z) in Fig. 3 supports the fact that within
the EMT the transition layer representing the microrough
boundaries must exhibit a continuous profile of the refractive
index. Moreover, one can see that the course of F(z) coincides
with the form of the refractive index profile adjacent to
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the ambient to be plotted in the same figure. Thus, this
course of F(z) shows that the part of the refractive index
profile n(z) plotted in Fig. 3 represents the roughness of the
upper boundary of the hafnia film in a reasonable way.
From both Table 2 and Fig. 4 it is clear that the values of
� and d/a are mutually different (this statement is true for
the ZrO2 films in particular). This is caused by the fact that
the quantities � and d/a are not strictly identical (i.e. they
are defined mathematically in different ways). Nevertheless,
these parameters have been compared because both refer
to the heights of the surface roughness. The zirconia films
are rougher than hafnia films. Moreover, d/a converges to a
constant value corresponding to the value of parameter C
that is different for both materials. The same property can be
expected for the dependences of � on the values of thickness
(see Fig. 4).

From Fig. 5 it is seen that the values of � determined by
AFM must be evaluated for sufficiently large areas of the
boundary (i.e. for sufficiently large values of L). This fact is
important from the practical point of view because it implies
that before calculating the values of � one has to estimate
the value of Lc for every columnar thin film under study.
If the area employed for measuring is not sufficiently large,
a strong misrepresentation of the results for the quantities
mentioned above can be obtained.

From the dependences of the PSDF (see Fig. 6) one can
see that the hafnia boundaries comprise the roughness
components characterized with higher spatial frequencies
than the zirconia boundaries. From this fact it is possible
to imply that the boundary roughness of the HfO2 films is
finer compared with the boundary roughness of the ZrO2

films. This conclusion further implies that the HfO2 columnar
structure is finer than that of ZrO2, i.e. the columns and pores
are narrower for the hafnia films than for zirconia films. Note
that the curves W1�Kx� of the individual zirconia and hafnia
films coincide with the values of � determined for these films
(see Table 2 and Fig. 6). This statement is implied by the
validity of the following equation

�2 D
∫ 1

�1
W1�Kx�dKx �10�

The areas under the curves representing W1�Kx� thus equal
the values of � for the individual samples.

Of course, the pores between the columns influence the
microroughness of the upper boundaries as well, but the
influence of the pores on the measured microroughness also
depends on the penetration of the tip into the pores. There is a
procedure for evaluating the areas of the surface of boundary
that the tip, with a given geometry, cannot touch at a single
point (see Ref. 3). In this case there is an impossibility in
determining the profile of the boundary in the vicinity of such
points. Thus, the profile of the microrough boundary can be
misrepresented here. The situation arises when the tip can
penetrate a pore only partially. Using the chosen tip, it is then
possible to record an ‘effective’ microroughness of the upper
boundaries related to the columnar structure of the films
investigated. It is also evident that the values of the quantities
characterizing the ‘effective’ boundary microroughness of

1000.00 nm
22.9 nm

0.0 nm

0.0 nm
0.0 nm 1000.00 nm

Figure 7. The certainty map of the part of the upper boundary
of the chosen hafnia film (sample B3). The black areas denote
the areas at which the the tip cannot touch the material of the
film at a single point (for details, see Ref. 3).

the columnar films are dependent on the geometry of the
tip used.

Using the procedure mentioned above, the areas corre-
sponding to the impossibility of touching the tip with the
surface at single points for the chosen hafnia film are plotted
in Fig. 7 (black areas) together with the surface topography
of this film. Note that in some places the black areas coincide
with the tops of the columns. This fact is caused by noise
remaining in the picture, in spite of noise correction.

CONCLUSION

In this paper the results of AFM and optical studies of
the microroughness of the upper boundaries of the zirconia
and hafnia films are presented. It was shown that AFM in
combining with the optical methods was usable for studying
the roughness of the films because the main quantities
describing this roughness could be determined using this
technique. The values of the quantities characterizing the
microroughness heights and the power spectral density
function of the films with different thicknesses were
determined. It was shown that the heights of the surface
roughness of the upper boundaries of both the hafnia and
zirconia films increased as the thickness of these films
increased. The zirconia films were rougher than hafnia
ones. The microroughness of the hafnia films contained the
roughness components with the higher spatial frequencies
than the zirconia films, which implied that the columnar
structure of the hafnia films was finer than the structure
of the zirconia films. This fact is apparently caused by the
difference in the mobilities of the particles of ZrO2 and
HfO2 on the surfaces of the substrates in the initial stages of
forming these films.
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