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Abstract
A continuous, dense aluminum oxide (Al2O3) layer of about 5 nm forms on the surface of Al upon exposure to
oxygen or dry air. Since the elastic moduli of Al and Al2O3 are 69 GPa and 370 GPa, respectively, the elastic modulus
of a thin Al film of sub-micron dimension (with the native oxide layer) should be much higher than that of pure Al.
However, uniaxial tensile measurements on Al films with thickness down to 50 nm revealed an effective modulus close
to 69 GPa. In the present paper, we investigate a plausible mechanism for this discrepancy, namely, the effect of wavy
surface oxide layer. Here thin Al films are considered as Al-Al2O3 composites. Uniaxial tensile experiments on a freestanding, 200 nm thick Al film are performed using MEMS techniques. The surface morphology of the specimen is
characterized by AFM. An analytical model is developed to estimate the effective modulus, Ē, of a wavy oxide layer.
The current study shows that the model predictions using measured material parameters agree reasonably well with
the experimental results, thus supporting the validity of the proposed mechanism.  2002 Acta Materialia Inc. Published
by Elsevier Science Ltd. All rights reserved.

1. Introduction
Aluminum, upon exposure to oxygen or dry air
at room temperature, forms a thin layer of amorphous native Al2O3. The thickness of Al2O3 becomes
2苲4 nm in several hours, and reaches a value of
about 5 nm after a long time [1]. Since the molar
volume of Al2O3 is 1.7 times that of Al, the oxide
forms a continuous film [1,2,3] on the Al surface,
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offering a natural sealant against corrosion of the
substrate.
Although the effect of the native oxide layer on
the elastic modulus of Al is negligible for bulk
components, its role becomes important for thin Al
films of sub-micron dimension, typical in micro
electronic and micro-electro-mechanical-system
(MEMS) applications [4]. Considering that the
elastic moduli of Al2O3 and polycrystalline Al are
370 GPa and 69 GPa, respectively [5], the AlAl2O3 composite thin film is expected to have an
in-plane effective modulus higher than that of pure
Al, given by the simple rule of mixture, as
Ecomp ⫽ EAltAl / ttot ⫹ Eoxtox / ttot
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where Ecomp, EAl, and Eox denote the moduli of the
composite, Al film, and oxide layer, respectively,
and ttot, tAl and tox are the thicknesses of Al film,
oxide layer (both sides of the film), and composite,
respectively (Fig. 1c).
Mearini and Hoffman [3] carried out uniaxial
tests on Al thin films of 50苲160 nm in thickness,
covered with a native oxide layer. Contrary to the
prediction by Eq. (1), they found the composite
Young’s modulus to be close to that of pure Al.
They speculated that the native oxide layer might
be porous, similar to anodized Al2O3, or that the
oxide might form cracks during straining, thus
resulting in its lower elastic modulus of about 100
GPa. These conjectures, however, were not supported by experimental evidence. In fact, even if
Eox⬇100 GPa, the composite modulus is expected
to increase monotonically as composite thickness

decreases. No such trend was observed in the
measurements by Mearini and Hoffman [3] when
the thickness of Al was reduced from 160 to 50
nm. Uniaxial tension experiments on free standing
Al films were also carried out by Huang and
Spaepen [6], and the elastic modulus was found to
be lower than that of bulk Al.
In the present paper, we verify the results of
Mearini and Hoffmann [3] by carrying out a uniaxial tensile experiment on a free-standing, 200 nm
thick sputtered Al film with native oxide. Our
results confirm that the composite elastic modulus
is lower than that given by Eq. (1). A plausible
mechanism, the effect of surface waviness of the
native oxide layer, induced by the roughness of a
sputtered Al surface, is investigated. We develop
a simple model based on curved beam theory to
estimate the effective modulus of the oxide layer.

Fig. 1. (a) Schematic of the loading stage. (b) Scanning electron micrograph of the loading stage with the sample. (c) Cross section
(schematic) of the sample.
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Using our surface roughness measurements by an
atomic force microscope (AFM) and our model,
we have obtained an estimate of the effective
modulus of the composite film, which agrees with
the measured value.

2. Uniaxial tension experiment on a freestanding Al film
The experimental setup (Fig. 1) consists of a
free-standing thin Al specimen and a loading stage
made from single crystal silicon. The sample is 200
nm thick, 23.5 mm wide, and 185 mm long made
from sputtered Al. One end of the sample is
attached to the middle of a silicon flexural beam,
A1A2, with a known lateral spring constant, c, calibrated by a nano-indenter after the tensile experiment. A1A2 serves as a force sensor. The other end
of the specimen is attached to a set of parallel
beams, B1B2. Axial loading is applied by controlled displacement at one end of the stage by a
piezo actuator, while holding the other end fixed.
The load, F, on the sample is measured from F=cd,
where d is the mid displacement of A1A2, and is
measured from marker A when the experiment is
carried out in-situ in a scanning electron microscope (SEM). The axial strain in the specimen is
determined from the relative displacements
between markers A and B.
A critical concern in a uniaxial tension experiment is the alignment between the specimen and
loading direction. A slight misalignment may cause
sufficient unaccounted non-uniformity of stress
across the sample cross-section giving an apparent
lower elastic constant. Here, the alignment is
ensured by (1) lithographic patterning and co-fabrication of the sample and the stage which avoid any
assembly; and (2) designing the set of beams B1B2
and the flexure structures around them such that
a misalignment error is reduced by five orders of
magnitude. The details of fabrication of the sample
and the loading fixture, as well as an analysis on
alignment are provided in [7].
Fig. 2 shows the linear stress–strain behavior of
the specimen with yielding at 350 MPa, and an
elastic modulus of 74.6 Gpa obtained from the
best-fit line. However, Eq. (1) predicts an elastic

Fig. 2. Stress strain response of the 200 nm thick Al film
under uniaxial loading. Yielding occurs at around 350 MPa.

modulus of the specimen (tAl=190 nm, tox=10 nm)
of Ecomp=85 GPa, 14% higher than the measured
result. Similar discrepancy is reported by Mearini
and Hoffman [3]. Note that the high yield stress
(350 MPa) is typical of small grain (100 nm for
our specimen as measured by TEM) Al film. A
uniaxial experiment on a 100 nm thick Al film
using a similar MEMS force sensor was carried out
by Haque and Saif [8], and the elastic modulus was
found to be 69.6 GPa. Thus the stiffening effect
of the oxide coating was not observed.

3. The mechanism: surface waviness
We believe that the mechanism responsible for
such discrepancy is not the porosity but the waviness of the native oxide surface. Since the native
oxide layer grows uniformly from the Al substrate
when the Al thin film is exposed to air, any roughness on the Al surface will be faithfully duplicated.
This will result in a continuous oxide layer with
uniform thickness of about 5 nm, and the same surface morphology as the Al film underneath. Such
oxide layer, with sufficient roughness, will be significantly more flexible when loaded along the
nominal surface plane because, in addition to the
in-plane stretching, there will be bending of the
layer due to surface waviness.
To study this mechanism, we measured the waviness of both the top and the bottom surfaces of
the Al film using an AFM. Fig. 3a shows a typical
surface morphology of a 3 mm×3 mm region from
the top surface of the Al film. It clearly demon-
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Fig. 3. Atomic Force Microscope measurements of the top surface of the Al film used in the uniaxial experiment. (a) A 3-D image
of the surface; (b) topography of the surface; (c) a line scan of the surface; and (d) power spectral density of surface roughness when
scanned along x and y directions.

strates that the oxide layer surface is indeed wavy.
Fig. 3b shows the topography with color contrast.
Fig. 3c shows the profile of a line scan between
two points on the surface. Fig. 3d shows the power
spectral density (PSD) of the topography when
scanned along x and y directions. These figures
show that the amplitude of the waviness varies
within 0苲20 nm from the nominal surface plane
with root mean square (RMS) value of 6 nm. The
RMS value for the bottom surface is 3.5 nm. The
lower roughness of the bottom surface is most
likely due to the sputter deposition of the Al film
on a smooth silicon surface. The effect of such
wavy surface is analyzed in the following using a
simple model.

4. Analytical model: effective Young’s
modulus of a wavy oxide beam
To analyze the effect of wavy oxide surface
layer, we consider the oxide layer alone, and
approximate the two dimensional wavy surface by
a wavy beam. The effective Young’s modulus of
the wavy beam can be obtained by analyzing its
stress–strain response upon loading along the nominal longitudinal axis of the beam.
For a wavy beam of nominal length s0, subjected
to a tensile load, P, at the ends, the total end displacement, ⌬, can be determined by using the Principle of Virtual Work (see, e.g., [9])
s0

s0
s0
NuNL
MuML
asQuQL
ds ⫹
ds ⫹
ds
⌬⫽
EA
EI
GA

冕
0

冕
0

冕
0

(2)
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where Nu, Mu and Qu are the axial force, bending
moment and shear force on the beam, respectively,
caused by a unit tensile load Pu=1 at the ends of
the beam, NL, ML and QL are the tension, bending
moment and shear, respectively, caused by the
applied tensile force P, as is the shear coefficient,
A and I are the area and moment of inertia of the
cross section, respectively, and E and G are tensile
and shear modulus, respectively.
The deformation of a wavy beam of uniform
thickness t with random surface waviness, such as
that shown in the line scan of Fig. 3(c), can be
analyzed by considering individual unit cells,
depicted in Fig. 4(a). The shape of each unit cell
can be described by a function, y=f(x). The
important parameters characterizing the shape of
a unit cell are h, the wave amplitude, and d, the
wavelength, as seen in Fig. 4(b). By superposition,
the overall stretch of a wavy beam caused by force
P can be evaluated.
For a unit cell with dimensions given in Fig. 4(b)
under external force P, the force components in the
beam are
NL ⫽ Pcosq, QL ⫽ Psinq, ML ⫽ Pf(x)

(3a)

and
Nu ⫽ cosq, Qu ⫽ sinq, Mu ⫽ f(x)

冕
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冕

d
d
P
aSP sin2q
S
⌬ ⫽
cosqdx,⌬ ⫽
dx,
EA
GA cosq
T

0

冕
d

0

(4)
2

P f (x)
dx
EI cosq

⌬M ⫽

0

Thus, the overall stretch of the unit cell is
⌬ ⫽ ⌬T ⫹ ⌬S ⫹ ⌬M

(5)

The effective Young’s modulus of the unit cell can
be given as
Ē ⫽

s
Pd
⫽
e
A⌬

(6)

To simplify the analysis, we consider a sinusoidal form for the shape of the unit cell, as
y ⫽ f(x) ⫽ hsin(px / d)

(7)

Substituting (7) into (4), we have
Pd T S aSPd S M Pd M
F ,⌬ ⫽
F ,⌬ ⫽ F
EA
GA
EI

⌬T ⫽

(8)

where
(3b)

where q is the tangential angle of the beam with
respect to the loading direction. The end displacement caused by the tension, shear and bending
moment, denoted by ⌬T, ⌬S, ⌬M, respectively, can
be expressed as

FT ⫽

2
冑1⫺k2K1(k)
p

FS ⫽

2 K2(k)
⫺冑1⫺k2K1(k)
p 冑1⫺k2

FM ⫽

冋

2

3p 冑1⫺k2
2

(9a)

册

(9b)

[(h2p2⫺d2)K2(k)

(9c)

⫹ d2K1(k)]
and k2 ⫽ h2p2 / (h2p2 ⫹ d2), K1(k) and K2(k) are the
first and second complete elliptical integrals
p

defined, respectively, as K1(k) ⫽

冕冑
/2

dy
1⫺k2sin2y

0

p

Fig. 4. (a) Schematic representation of the oxide coating on
Al as a wavy beam. (b) a unit cell representing a segment of
the wavy beam.

and K2(k) ⫽

冕冑
/2

1⫺k2sin2ydy. Noting that I ⫽

0

At2 / 12,

G ⫽ E / 2(1 ⫹ n),

and

as ⫽ (7 ⫹
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6n) / 6(1 ⫹ n), the end displacement of the unit
cell under the axial loading P is
⌬ ⫽ ⌬T ⫹ ⌬S ⫹ ⌬M ⫽

Pd
F
EA

(10)

where
F ⫽ FT ⫹ 2aS(1 ⫹ n)FS ⫹ 12FM / t2

(11)

is a function dependent on the shape of the unit
cell. The effective Young’s modulus, Ē, of the unit
cell is given by
Ē ⫽

P/A E
⫽
⌬/d F

(12)

Fig. 5 shows the dependence of the effective
Young’s modulus, Ē, normalized by the intrinsic
Young’s modulus, Ē, on the parameters d/t and h/t
for a beam with periodic wavy shape given by Eq.
(7). Here v=0.22 is used. The plot shows that the
effective Young’s modulus drops dramatically as
the normalized wave amplitude h/t increases. However, the effective Young’s modulus does not
change significantly as the wavelength d/t varies
from 1–5. As an example, for d/t=2.0 and h/t=1.0,
Eq. (12) predicts Ē / E ⫽ 0.097; with Eox=370
GPa, Ē ⫽ 35.9GPa.

istical variations of the surface waviness must be
taken into account in order to compare our model
prediction with our experimental measurements.
Our objective is to estimate an average or a mean
value of Ē of the oxide coating, taking account of
the surface roughness as follows.
Since the oxide layer is bonded to the Al substrate, we assume that, under uniaxial tension at
low stress, no debonding occurs. Then, it is reasonable to assume that during the experiment, the
nominal in-plane strain of the oxide layer is the
same as the in-plane strain, e, of the Al substrate.
In other words, if the distance (along the loading
direction) between any two points on the oxide film
is X before loading, then their distance (along the
loading direction) after loading is X(1+e). These
points can be at any elevation of the rough surface.
The effective modulus, Ē, of the oxide film varies
from point to point depending on the amplitude of
roughness in the vicinity of the point. Thus, for a
uniform strain, e, the nominal in-plane stress of
oxide also varies statistically. In order to estimate
an expected value of Ē, consider a long longitudinal strip of a planar film, shown in Fig. 6, which
represents the wavy oxide film without the Al sub-

5. Stochastic modeling of surface roughness
The real surface roughness, off course, may not
be approximated by a simple sinusoidal wave. Stat-

Fig. 5. Normalized effective Young’s modulus of a sinusoidal
beam as a function of the shape parameters h/t and d/t.

Fig. 6. A model depicting the uniform nominal in-plane deformation of many wavy beams of oxide with random wave amplitudes. Each transverse planar segment represents a wavy beam
with a given wave amplitude, and hence the segment has a specific value of the effective elastic modulus, Ē (Eq. (12)), which
is a sample of the random variable Ē.
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strate. The strip consists of a series of transverse
segments, each representing one equivalent planar
film with a given Ē. The width, w, of each segment
is small compared to the total length, L, of the
longitudinal strip so that it contains a large number
of segments with all possible values of Ē. Each
segment is strained by an equal amount e along the
transverse direction. The corresponding stress,
s ⫽ eĒ, is different for different segments. The
mean stress is given by

where f is the phase angle with a uniform probability density function in the range (0,2p), and the
amplitude, h ⫽ 冑C2 ⫹ D2, of the wave has a Rayleigh probability density function [11],

具s典 ⫽ e具Ē典

具Ē典 ⫽ g(h)Ē(h)dh

(13)

where 具典 denotes the mean or the expected value.
具Ē典 can be estimated using the theory of random
vibrations [10].
Let the waviness of the oxide layer be represented by a zero mean stationary random process
given by
z ⫽ Csin(wx) ⫹ Dcos(wx)

(14)

where z is the height of the surface from the mean,
x is the distance along the surface (for example the
distance along an AFM scan line), C and D are
zero mean uncorrelated Gaussian random variables
with variance
S2 ⫽ S2C ⫽ S2D

(15)

to be determined from the power spectral density
(PSD) of the AFM scan. A single value ω is chosen
to represent the frequency of surface waves since,
as shown in Fig. 5, the effective elastic modulus
of the oxide layer is nearly independent of the
wavelength of the beam. The variance at any value
of x of a stationary random process with a continuous range of frequencies (instead of a single
frequency) is given by the integral of its PSD [10].
The integral is also denoted by the square of RMS,
the root mean square. Since we have chosen a single frequency to represent the surface roughness
with random variables C and D, it can be shown
that [10]
S2 ⫽ S2C ⫽ S2D ⫽ RMS2

(16)

where the RMS is determined from the AFM scan
of the surface (Fig. 3). Eq. (14) can also be written as
z ⫽ 冑C2 ⫹ D2sin(wx ⫹ f)

(17)

g(h) ⫽

冉 冊

h2
h
exp ⫺ 2 ,hⱖ0
2
S
2S

(18)

The mean value of Ē is then given by

冕
⬁

(19)

0

where Ē(h)⬇Ē(h,d) for the values of the wave period, d, of interest (Fig. 5), and is given by Eq. (12)
in terms of elliptic integrals.

6. Comparison between model predictions and
experiments
To estimate the composite Ecomp, S in Eq. (18)
must be determined independently for the top and
the bottom surfaces of the Al tensile specimen.
From the AFM scans of the two surfaces and the
corresponding PSDs, Stop=6 nm and Sbottom=3.5 nm.
AFM data also show that d⬇30 t. Thus, for values
of tox-top=tox-bottom=5 nm, Eox=370 GPa, and d=30 t
we obtain Ēox ⫺ top ⫽ 52.7GPa,Ēox ⫺ bottom ⫽
101.1GPa from Eqs. (12) and (19), and with
tAl=190 nm, EAI=69 GPa,
Ecomp ⫽

Ēox-top tox-top ⫹ Ēox-bottom tox-bottom ⫹ EAl tAl
⫽ 73.2Gpa
tox-top ⫹ tox-bottom ⫹ tAl

(20)

close to the experimentally obtained Ecomp=74.6
GPa.

7. Conclusion
In this work, the role of native oxide layer on
the elastic modulus of Al thin films is investigated.
A uniaxial tensile experiment on a 200 nm freestanding Al film using a MEMS sensor shows that,
with the native oxide, the elastic modulus of the
Al film E=74.6 GPa, 14% lower than the estimate
using a simple composite model. An AFM scan of
the film surface reveals that the native oxide is not
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planar but wavy, with amplitude on the same order
as the thickness of the native oxide. An analytical
model is developed to determine the effective stiffness of a wavy elastic film. The model predicts
that, if the wave amplitude is on the order of the
film thickness, the effective elastic modulus of the
wavy oxide film is only about 10% of the intrinsic
modulus of the oxide. When applied to the AlAl2O3 composite thin film, and when the stochastic
nature of the surface is considered, the composite
elastic modulus is found to be 73.2 GPa, close to
74.6 GPa determined experimentally. Therefore, in
the presence of surface roughness, the stiffening
effect of the oxide layer on elastic modulus is
reduced. When the roughness is on the same order
as the thickness of oxide layer, the stiffening effect
is negligible.
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