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Nanoindentation of patterned metal lines on a Si substrate
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Abstract

A systematic experimental study of nanoindentation on unidirectionally patterned aluminum lines on a Si substrate
has been conducted. The results show that the observed increase in indentation compliance with decreasing line width
cannot be rationalized on the basis of continuum considerations. A simple mechanistic model based on discrete dis-

locations is suggested.
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1. Introduction

The inelastic mechanical properties of small-
volume structures depend on both the character-
istic structural length scale and overall physical
dimensions of structures. This dependence is in-
creasingly apparent when the feature size is re-
duced to the micrometer scale. For example, a 1
pum thick, continuous metallic film on a substrate
exhibits a yield stress of several hundred MPa,
whereas the bulk yield stress of the same material
is 3—10 times smaller [1]. Such size dependence of
mechanical response has primarily been studied
thus far in the context of continuous thin films on
substrates. These trends cannot be directly ex-
tended to assess the mechanical response of pat-
terned features as, for example, when a film is
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patterned into stripes or lines or islands. Patterned
features constitute structures which have small
lengths in more than one direction, and their
mechanical response under different confining con-
ditions remains largely unexplored due to the
complexity of stress states within the structure and
the deficiency of appropriate experimental tech-
niques to characterize local deformation.
Nanoindentation has been utilized extensively
to probe mechanical properties of thin films [2-4].
As this technique can generate large strain (or
stress) within the relatively small volume of ma-
terials, nanoindentation can be extended to other
small-volume structures as well, such as patterned
lines and islands on substrates. A particularly ap-
pealing attribute of nanoindentation is that, at
least in principle, it offers a means to probe the
elastic and plastic deformation characteristics as
well as residual stresses in small features that are
patterned onto substrates under constraints, which
are representative of real applications including
micro-electro-mechanical systems (MEMS) and
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microelectronic devices and packages. However,
the interpretation of material response during in-
dentation remains a complex issue [5,6]. In this
paper, we present instrumented nanoindentation
results of patterned aluminum lines on a silicon
substrate, to explore the effects of two length scales
(line width and thickness) on the indentation load—
displacement (P—#) response.

2. Experimental procedures

A polycrystalline thin film of Al-1.5wt.%Si, 1
pum in thickness, was sputter deposited on a 525
pum thick Si substrate. Subsequently, the film was
patterned into sets of parallel lines with different
widths using standard photolithography and dry
etching techniques. The nominal line width was
varied from 1.5 to 5.0 pm with an incremental
increase in width of 0.5 um, for a total number of
eight line width sets. The length of lines was 500
um. Each set of lines contained seven lines of the
same width, with an inter-line spacing equal to
line width (Fig. 1(a)). A square pad of 500 um x
500 pm was patterned next to the sets of lines to
represent a continuous thin film. Each of the sets
was separated by 20 pm. All structures were
constructed on the same wafer by a single set of
deposition and etching processes such that all
characteristics of film and lines are expected to be
the same, except for the in-plane dimensional
length scale (i.e. line width). The thin film micro-
structure was examined by transmission electron
microscopy (TEM). The average grain size in the
film was ~0.6 um, and the grains exhibited typical
columnar structure with a (111) texture.

Nanoindentation experiments were carried out
with a three-sided diamond Berkovich indenter
with a rounded tip mounted in NanoTest 600
indenter (MicroMaterials, Ltd., Wrentham, UK).
Load-controlled, depth-sensing nanoindentations
covering over a complete loading and unloading
sequence were conducted on the thin film pad and
lines of different widths, to maximum depths of
100 and 200 nm. A dwell period of 10 s was im-
posed at the maximum depth, prior to unloading.
Fig. 1(b) shows a series of indents at the center of
the top surface of a 3 um wide line. All indenta-

Fig. 1. Micrographs of (a) the patterned lines of polycrystalline
Al on a Si substrate, and (b) a series of indents at the center of
the top surface of 3 pm wide Al line. The maximum depth of
indentation was 500 nm to demonstrate large indents. All in-
dentations were oriented in the same way with respect to the
line direction.

tions were oriented identically with respect to the
line direction. The positioning of the indenter in
the middle of the line is an experimental challenge,
which has been successfully overcome in the pre-
sent experiments.

3. Results and discussion

Typical curves of load P as a function of pen-
etration depth /4 from the nanoindentation re-
sponse of the film and lines of three different line
widths are presented in Fig. 2. The initial portion
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Fig. 2. Load-displacement (P—%) responses of polycrystalline Al
thin film and lines of 1.5, 3.0, and 5.0 um line widths. The solid
line denotes the elastic response on aluminum of a spherical
diamond indenter with the tip radius R = 500 nm.

of the P—h curves follows the elastic response for a
spherical indentation [6]:
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where R is the radius of indenter tip, E* is the
reduced elastic modulus of the specimen and
indenter, and E; and E, are the elastic moduli of the
specimen and indenter, respectively, and v; and v,
are the Poisson’s ratio of the specimen and ind-
enter, respectively. The value of E* is 74 GPa for
polycrystalline Al indented by a diamond indenter.
The initial elastic P-A response matched well with
Eq. (1) when the spherical tip radius is assumed to
be ~500 nm. The initial deviation from the elastic
response, which occurs over a load range of 45-65
uN, is approximately independent of line width w.
The indentation compliance, which can be repre-
sented by the curvature of loading response, is also
unaffected by line width prior to the initial devia-
tion. The corresponding maximum shear stresses
underneath the indenter tip are 1.8-2.0 GPa at the
point of deviation, which compares well with the
theoretical shear strength of Al (~2.5 GPa), simi-

lar to the trends documented for continuous films
of Al and Cu [4,6].

Each of these P-h curves exhibits discrete
changes (jumps) in the load versus displacement
response after the initial deviation from the elastic
response as observed in continuous thin films. The
propensity for discrete deformation, commonly
associated with defect nucleation, is reduced with
decreasing line width (for a fixed line thickness).
Unlike the elastic response, the P—/ response
subsequent to this initial deviation is a function of
line width w. The curvature of the loading re-
sponse decreases with decreasing w, indicating a
greater indentation compliance for smaller line
width. ! The discrete discontinuities in the P-#
response are not as clear as those observed in the
indentation of single crystalline continuous films
[4,6]. This contrast may arise from the polycrys-
talline nature of the present material system, as the
combination of grain boundaries and grain ori-
entations can alter the motion of dislocations (or
plastic flow) during deformation. The penetration
depth during a holding period of 10 s at maximum
load also increases with decreasing line width.
However, the unloading slope in Fig. 2 is the same
for all line widths.

The penetration depth % at a particular level of
imposed load can be considered as a measure of
the indentation compliance of the material struc-
tures to quantify the loading portion of the P-4
response. Fig. 3 shows the statistical variation of
indentation depths of the continuous thin film and
lines at a fixed indentation load of 200 uN. The
mean penetration depths /.., are indicated in Fig.
3. It is evident that narrower lines deform more
easily under the same indentation load, resulting in
a greater indentation depth. The indentation depth
of a 5 um wide line is almost equal to that of the

! Experimental studies (e.g., Refs. [3,6]) have shown that the
yield strength of continuous thin films generally increases
significantly with decreasing film thickness. In the present
experiments, the width of the patterned lines has been system-
atically changed for fixed line thickness. Consequently, the
trends associated with the softening of the indentation response
with increasing line width cannot be directly compared with the
effects of film thickness of yield response in continuous thin
films.
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Fig. 3. Statistical distribution of indentation depth at 200 uN
indentation load for polycrystalline Al thin film and lines with
1.5, 3.0, and 5.0 um line widths. The mean penetration depths
of indentation /., are indicated near the normal distribution
curves, which are denoted by the solid lines.

continuous film, and the average indentation
depth increases as line width decreases. The vari-
ation of indentation depths in a given set of ex-
periments for a particular line width also increases
as line width decreases. Indentation penetration
depth as a function of line width for 100 and 200
uN indentation loads is summarized in Fig. 4.
One possible explanation for the observed in-
crease in compliance with decreasing line width is
the interaction of the elasto-plastic boundary be-
neath the indenter with the free side-wall surfaces
of the patterned lines. It has been shown [5,7] that
a force balance of Johnson’s elasto-plastic inden-
tation model can be used to estimate the plastic
zone size, ¢, as a function of the applied load and
tensile yield strength, oy, of the material as:
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Fig. 4. Indentation depth as a function of line width for 100 and
200 pN indentation loads. The error bars indicate the standard
deviation of at least 15 indentations.

From Eq. (2), the plastic zone size is 0.56 pm for
an indentation load of 200 pN when oy is assumed
to be 300 MPa [1]. Since the stress outside the
plastic zone vanishes quickly with increasing dis-
tance from the indenter tip (¢ ~ r~3) [8], the zone
size is expected to be similar for the film and lines.
Finite element modeling (FEM) [9] of a sharp
conical indentation on the continuous film, as
well as on 2 and 3 um wide lines of the same 1 um
thickness on a Si substrate, indicates that the
plastic zone sizes are 0.57-0.58 pum for the film and
lines, which agree well with the analytical predic-
tion. The corresponding P-4 curves in Fig. 5 show
that the response of these cases are essentially in-
distinguishable up to a load of 400 pN.

The initial stage of nanoindentation is often
explained by the ‘punch-out’ of dislocation loops
around the indenter tip [4,5]. When the indenter
depth increases, the dislocation density increases
by the nucleation of new dislocations and/or the
expansion of existing dislocations. The indenter tip
displacement should be accommodated by the
plastic flow beneath the indenter tip which is di-
rectly related to the number and position of dis-
locations. The interference between the stress field
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Fig. 5. Simulated load-displacement (P—%) responses of Al thin
film and lines using the general purpose finite element package
ABAQUS [9]. The indenter was a sharp conical rigid indenter
with the included half angle of 70.3°, and o, of film and lines is
assumed to be 300 MPa. The arrow denotes the load and depth
level in which we are interested. A schematic of the line ge-
ometry along with the appropriate nomenclature is provided at
the top of the figure.

of dislocations and the free surfaces of the lines
could be considered if the ‘punched-out’ disloca-
tions can extend their equilibrium position beyond
the continuum elasto-plastic boundary. This sup-
position appears to be a feasible mechanism, in
light of the recent result of nanoindentations on Al
and Cu films [4,6]. In these experiments, the P/
curves are affected by film thickness even at shal-
low depths of indentation (2<0.14;) which are
generally considered small enough to avoid sub-
strate effects. Since the P-4 response of single
crystalline Al films of two distinct thickness (0.6
and 1.0 um) are distinguishable at a load of 30 uN
(¢ = 0.22 pm) [4], dislocations would be expected
to extend as much as five times beyond the con-
tinuum plastic zone. Using this line of reasoning,
the dislocation extension in our experiments can be
as much as 2.8 pm at 200 puN load. This distance
agrees well with pattern line half-width (since c is
the radius of plastic zone) at which the P-4 re-

sponse of lines begins to deviate from that of the
film.

Considering that those dislocations are gener-
ated near the indenter tip and that they glide along
the slip plane to the side surfaces, the effect of
dislocation glide on the indenter tip penetration
depth in the lines can be rationalized in the fol-
lowing manner. For simplicity, consider a pat-
terned line with dislocations parallel to the line
direction. Assuming that the dislocations move in
the cross-sectional plane of the line, (which has
height of 4 and width w, as shown in the sche-
matic in Fig. 5), the additional plastic shear strain
of the cross-section becomes y = (2xby/wh) [10],
where b, is the projected magnitude of the Burgers
vector along x direction and x is the dislocation
glide distance parallel to the line surface. When
there are N dislocations that move over the aver-
age glide distance 4, the plastic strain around the
indenter tip is given by 2ANb, /wh. This additional
strain due to dislocation movement along the line
width direction is negligible in the case of contin-
uous films for which w = co. For the case of pat-
terned lines, however, the material displacement
around the indenter tip accompanying this strain
becomes 2ANb,/w for a fixed film thickness of 4.
As a first order approximation, the total indenta-
tion depth in the line is assumed to be a linear sum
of the displacement due to dislocation generation
along the indentation direction (fgm ~ Nby, where
by is the projected magnitude of the Burgers vector
along the indentation direction), and the addi-
tional displacement of the tip due solely to the
geometrical effect of the dislocation movement
parallel to the line surface. Thus the total inden-
tation depth in the lines becomes:

2\Nb,

hline = hﬁlm + hgeo = hfilm + o w ) (3)

where o is a geometrical constant that includes the
relative direction of dislocation motion with re-
spect to the indentation axis. The inverse linear
effect of line width on the indentation depth in Fig.
4 is captured by Eq. (3). Assuming that the num-
ber of generated dislocations N is the same for
both films and lines, the average glide distance of
dislocation A can be evaluated from the experi-
mental slope of Eq. (3) in Fig. 4. The number N
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can be estimated by the indentation depth devia-
tion from the elastic curve. Taking o ~ 1 and
by ~ 0.28 nm, 4 is evaluated to be 2.2 and 1.7 pm
for 100 and 200 puN indentation loads, respectively.
These calculated values of / agree well with the
value estimated from the mechanistic reasoning
given earlier (2.8 um), and again are much larger
than the plastic zone size derived from continuum
prediction (0.56 pm). The direction of dislocation
glide relative to the line direction depends on
various factors, such as grain size and grain ori-
entation. Since the direction of dislocation glide is
random, the distance over which dislocations ap-
proach the free surface varies more for a narrower
line. In addition, the extension of equilibrium
dislocation position rationalizes the increase of
variation in indentation depth with decreasing line
width.

4. Conclusion

The effect of length scale on the elasto-plastic
mechanical response has been investigated via
nanoindentation of patterned aluminum lines on a
Si substrate. We find that narrower lines show a
more compliant deformation during indentation.
As the continuum based approach (both of FEM
and analytical) could not rationalize this experi-
mental trend, a model of discrete dislocation ex-
tension during the incipient stage of indentation
has been proposed as a possible mechanism. Ad-
ditionally, we find that there is no length scale ef-
fect on the elastic indentation response prior to the
first plastic event. Although direct experimental

evidence for such a mechanism has not been re-
ported, the substantiation of the results in this
study, may contribute significantly to our under-
standing the microplasticity at the incipient stage
of nanoindentation, as well as the effects of length
scale on the inelastic deformation of materials.
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