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Nanometer-Scale Mechanics of Gold Films

15 NOVEMBER 1993

P. Tangyunyong, ' R. C. Thomas, J. E. Houston, ' T. A. Michalske, ' R. M. Crooks, and A. J. Howard'
'Sandia A'ational Laboratories, Albuquerque, 1Ve~ Mexico 87(85

Department of Chemistry, University of tVew Mexico, AlbuquerquetV, ew Mexico 87185
(Received 6 July 1993)

We have used interfacial force microscopy (IFM) to monitor the mechanical deformation of single
nanometer-size grains in Au thin films. Our results show that protruding grains, which represent early-
stage delamination, display multiple deformation mechanisms including grain boundary sliding and in-
tragranular plasticity. The unprecedented load-displacement control capability of the IFM provides
data that are used for the first time to quantitatively distinguish and evaluate individual deformation
processes.

PACS numbers: 62.20.Dc, 62.20.Fe

Nanostructured materials have recently received con-
siderable attention because of their potential for en-
hanced mechanical properties such as supermodulus [I]
or superplastic behavior [2]. The mechanical properties
of these materials depend on a complex interplay between
the nanograins, and one of the limiting factors in their
development involves the di%culty of performing me-
chanical measurements at this size level. In this paper,
we present results of the application of interfacial force
microscopy (IFM) [3-5] to the first quantitative deter-
mination of the deformation properties for single, nm-size
grains in polycrystalline Au thin films.

One of the oldest and most widely used techniques for
local determinations of deformation properties involves
surface indentation —measuring elastic moduli, plastic
behavior, hardness, etc. , by an analysis of the loading be-
havior (interfacial force vs substrate deformation) of a
small probe deforming a substrate surface. Compared to
the ultramicroindenter [6], the nanoindenter [7] and,
more recently, the atomic force microscope [8], the IFM
is characterized by its use of a self-balancing force sensor
which permits both mechanically stable and quantitative
load-displacement control.

In the present study, we combine the methods of con-
tact mechanics and classic indentation techniques to
quantitatively determine an individual grain's elastic con-
stant and its shear-stress threshold for plastic deforma-
tion. Au films were chosen for this study because we pre-
viously found that Au surfaces could be passivated
against probe-surface adhesion with a self-assembling n-

alkanethiol monolayer film: passivation which was main-
tained even under large compressive stresses [5]. The
adhesion passivation permits a direct application of con-
tact mechanics to quantitatively analyze the local defor-
mation response.

Polycrystalline Au films 200 nm thick were prepared
by thermal-vapor deposition onto 300 C clean-glass sub-
strates at a rate of 0.2 nm/sec. The deposition was fol-
lowed by a 3 h anneal at 275 C. The films were subse-
quently cleaned in a 3:1 concentrated H2SO4. 30% H20p
solution. Self-assembling monolayer films were adsorbed

(a) (b) (c)

FIG. l. 400X400 nm IFM repulsive-force images of a typi-
cal protruding grain (a) before loading, (b) after a loading cy-
cle to a peak load of —35 pN, and (c) after a second loading
cycle to a peak load of —75 pN. The small plus sign indicates
the point of probe contact.

by soaking the Au films in 0.5mM n-octadecanethiol/
ethanol solutions for 36 h. To insure uniform coverage,
the monolayers were characterized by ellipsometry and
Fourier transform infrared external reflectance spectros-
copy.

The W probe was prepared by electrochemically etch-
ing a O. I-mm wire in a potassium hydroxide (KOH) solu-
tion. The probe was characterized by scanning electron
microscopy (SEM) and found to have a parabolic shape
with an apex radius of curvature of —250 nm. All mea-
surements were conducted in air with both sample and
probe immersed in hexadecane to eliminate capillary in-
teractions. Topographical images were taken in the con-
stant repulsive-force mode at a load level of 0.5 pN.
IFM loading data (load vs displacement) were obtained
using a force-feedback, constant deformation-rate mode
at a rate of 20 nm/sec.

IFM images show that the Au surface is dominated by
large flat grains with a narrow distribution of grain sizes
averaging —500 nm in diameter. Occasionally, we also
see grains which protrude above the nominally flat sur-
face by 10 to 30 nm. Figure 1(a) shows an example of an
IFM image of such a protruding grain. We focus first on
the mechanics of protruding grains because they show the
full range of deformation response encountered with these
films, and then we summarize the results for a number of
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FIG. 2. (a) Load-cycle data taken in the center of the pro-
truding grain shown in Fig. l (a) to a peak load of —35 pN.
Solid lines represent the fits based on a Hertzian elastic analysis
f'or a parabolic punch deforming an elastic half space [9]; (b)
Loading cycle taken at the same position to a peak load of —75
pN. The dashed curve represents an analysis of the unloading
curve based on Sneddon's model of a parabolic punch embed-
ded in an indentation, i.e. , constant contact area [I ll.

experiments on more typical grains.
%e perf'orm a loading-cycle experiment by first placing

the probe over the center of the selected grain. The sur-
face is then moved toward the probe at a constant rate.
At a predetermined repulsive load, we withdraw the
probe at the same rate. This produces a load-dis-
placement curve where contact is defined as the point
where the load becomes repulsive. The loading-cycle
curve for the grain of Fig. 1(a) is shown in Fig. 2(a).
These data show a large hysteresis loop between loading
and unloading, which indicates an irreversible deforma-
tion.

Detailed analysis reveals that there are three distinct
regions in the loading portion of the cycle as indicated in

Fig. 2(a). In the first region, we find no hysteresis for
peak loads less than —6 pN. In addition, the relation-
ship between load and deformation closely follows the
classical Hertzian model for a rigid, noninteracting para-
bolic punch deforming an elastic half space [9]. Accord-
ing to this model, the applied load scales as the three-
halves po~er of the surface displacement, which results
from the change in contact area with increasing load. A
comparison of the loading curve in region 1 with the
Hertzian model is shown as a solid line in Fig. 2(a). The
level of agreement indicates an elastic interaction in re-
gion 1.

The point at which the loading curve deviates from
Hertzian behavior marks the onset of plastic deformation
(region 2), which occurs at a load of -6 pN. Above
—27 pN (region 3), the hysteresis loop closes and the de-

formation is again elastic, as born out by the Hertzian fit

shown as the solid line in region 4.
Starting at the maximum load in region 4, the unload-

ing curve consists of two distinct Hertzian-like regions [4
and 5 in Fig. 2(a)], which appear to be separated at a

load of —6 pN. Region 5 has the same elastic properties
as region 1. Quantitatively, the effective elastic moduli of
regions 1 and 3, derived from Hertzian analysis, are
found to be 28 and 66 GPa, respectively.

After the loading cycle of Fig. 2(a), a repulsive-force
image [Fig. 1(b)] was taken to clarify the nature of the
plastic deformation seen in Fig. 2(a). The image clearly
shows that the grain has not been indented but rather has
been displaced into the surface by the probe, which sug-

gests the availability of subsurface free volume. Line
scans across the center of the images indicate a total
grain displacement of —8 nm.

Repeating the loading procedure of Fig. 2(a) to a

higher peak load results in the load-displacement curve of
Fig. 2(b), which shows a hysteresis loop and five distinct
regions of deformation behavior. Regions 1 and 2 are
identical to regions 4 and 5 of the initial loading cycle of
Fig. 2(a). The onset of plastic deformation (region 3)
occurs at a load of —44 p N and, using the SEM-
measured tip radius and the Hertzian contact radius at
this load, the shear-stress threshold can be calculated to
be 2.6 GPa based on continuum elasticity theory [10].

Since region 4 shows no indication of loop closure at
the higher loads, we associate this deformation with an

actual indentation of the grain itself. An image taken
after the second loading cycle [Fig. 1(c)] corroborates
this assessment and, from line scans, the depth is found to
be —5 nm. Thus, the unloading curve in region 4 can be
modeled by Sneddon's analysis of surface stiAness [11]
based on the assumption that the contact area remains
constant, i.e., the probe is embedded in a permanently de-
formed socket. The result of this analysis is shown as a
dashed line in Fig. 2(b). An effective elastic modulus of
79 GPa is derived from this analysis using a contact area
calculated from the indentation shown in Fig. 1(c). Re-
gion 5 has a Hertzian-like appearance and is representa-
tive of the last stages of elastic relaxation as the probe is

removed from the indentation.
On the basis of the loading-cycle data and the images

shown in Fig. 1, we can identify the individual contribu-
tions of intergranular and intragranular plastic deforma-
tion during the loading cycle of Fig. 2(a). A schematic
model summarizing these contributions is shown in Fig.
3(a). In region 1, the grain is elastically deformed by the
probe, slightly sagging under the applied load. According
to this model, region 1 represents a combination of
elastic-contact deformation and elastic sagging of the

3320



VOLUME 71, NUMBER 20 PHYSICAL REVIEW LETTERS 15 NOVEMBER 1993

2

hXXXXXXX& xXXXXXXXX& i~AXXXX&~ hXXXXXXXX~

h%%%% hh%%% hXXXX%& h%%%%
(b)

FIG. 3. Schematic rnode1 of the behavior of the protruding
grain shown in Fig. l (a). Arrows indicate the direction of
motion of the probe and in (a) the numbers refer to the
different regions shown in Fig. 2(a) while (b) refers to the re-
gions in Fig. 2(b).

grain, which is supported by its neighbors. The elastic
sagging of the nanograin closely corresponds to a dia-
phragm loaded by a probe ~hose contact area varies with
load and which becomes appreciable with respect to the
grain size. Since both types of elastic deformation are
nonlinear with load, it is not altogether surprising that
the behavior appears Hertzian [12].

As the load is increased above 6 pN (region 2), the
grain slips at its boundary allowing the grain to slide into
the surface and reduce the subsurface free volume. Con-
current with intergranular displacement, the sagging in-
creases with increasing load and the grain is further elas-
tically deformed. This process continues until the grain
comes into contact with the glass substrate, which marks
the beginning of region 3.

In region 3, we see only elastic deformation, and there
is no further grain-boundary sliding. The elastic behavior
here is quite different from region 1, as evidenced by the
large increase in measured elastic modulus (from 28 to
66 GPa). The smaller value represents the effect of the
grain sagging as discussed above. In region 4, the grain
recovers from the elastic strain of regions 2 and 3 while
remaining in contact with the substrate. As the load is
decreased further (region 5), the grain partially rebounds
from the sagging imposed in regions 1 and 2. Subtracting
the line-scan displacement (—8 nm) from the loading
displacement (—12 nm) gives a total rebound of —4 nm

in region 5. Our conclusion concerning this behavior is

supported by the fact that the effective elastic constant
from the Hertzian analysis in region 5 is the same as that
determined in region 1.

Similarly, we can identify the deformation modes in

the second loading cycle of Fig. 2(b) from loading-cycle
data and images, as summarized schematically in Fig.
3(b). As in Fig. 2(a), the grain is deformed elastically in

region 1, slightly sagging into remaining free volume, un-
til contact is again made with the substrate (beginning of
region 2). In region 2, we only see elastic deformation.
As expected, the elastic behavior of these two regions is

the same as regions 4 and 5 during the first loading cycle.
Higher loading results in the creation of a —5 nm inden-
tion (region 3). A ltne-scan compaftson lndlcates that
there is additional grain slippage prior to the indentation.

In region 4, the probe is embedded in a permanently
deformed indentation and the contact area initially
remains constant as the probe is removed. In region 5,
we observe an elastic behavior which results from the
final stages of probe removal from the indentation. We
suggest that this region is the same as that observed in re-
gions 1 and 2 as measured by a probe being removed
from a socket, i.e., where the contact area is changing
with load [13]

The elastic modulus found in this sample when the
grain is in contact with the substrate (66 GPa) is about
20% smaller than the reference value of 78 GPa tabulat-
ed for bulk Au [14] and our measurement of 70 GPa for
the same probe acting on a single-crystal Au(111) sur-
face. This difference is not entirely surprising, since we

are dealing here with supported Au thin films. In addi-
tion, we find from recent measurements that the elastic
properties of the films vary strongly as a function of the
substrate. For example, the effective elastic modulus of
similar Au films on silicon substrates with chromium
adhesion layers is about twice as large as those found in

the present measurements (110 vs 66 GPa) and the
shear-stress threshold for plastic deformation rejects a
similar difference (4.5 vs 2.6 GPa) [5].

As we pointed out earlier, the data presented here con-
centrate on the behavior of protruding grains in order to
illustrate the kind of information that can be obtained
from I FM measurements. However, we find consistent
results in a general survey of the behavior of several
dozen individual grains. Grains which clearly protrude
from the surface all show results similar to those present-
ed here differing only in the threshold force and extent of
grain slippage. Although a small amount of slippage is

seen for some less-protruding grains, the majority show

only behavior similar to that of the protruding grains
after they have been displaced into contact with the sub-

strate. The quantitative values determined from this sur-

vey are 75+ 15 GPa and 2.7+ 0.5 GPa for the elastic
modulus and the shear-stress threshold for plastic defor-
mation, respectively.

The existence of protruding grains with free volume

beneath is a sign of early-stage delamination. Au films

do not adhere well to glass substrates and peel if im-

mersed in the H2SO4. 30% H202 cleaning solution for ex-
tended periods. It is likely that our brief surface cleaning
procedure triggers the early stages of this delamination.

The quantitative values for the elastic modulus and
shear-stress threshold for plastic deformation obtained
here are, of course, not representative of bulk Au itself.
Rather, these data take into account the various factors
that characterize thin-film mechanical behavior, e.g. ,

grain-boundary slippage and dimensionality effects im-

3321



VOLUME 71, NUMBER 20 PHYSICAL REVIEW LETTERS 15 NOVEMBER 1993

posed by interactions with a substrate having diAering
mechanical properties. However, this kind of information
is invaluable if we expect to be able to tailor the mechani-
cal properties of nanophase materials.
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