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Effect of Surface Steps on the Plastic Threshold in Nanoindentation
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Using interfacial force microscopy and passivated Au surfaces, we have investigated the effect of
surface steps on the initiation of plastic yield by performing nanoindentations as a function of separation
between the probe and neighboring steps. The mean stress at yield was 30%–45% lower at a step th
in regions free of surface defects. In addition, the spatial extent of the step’s influence was found to be
approximately 3 times the contact radius at the yield threshold, suggesting that yield processes are no
limited to the region in contact with the indenter. [S0031-9007(98)07614-5]

PACS numbers: 62.20.Fe, 68.35.Bs, 68.35.Gy, 81.40.Lm
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Nanometer-scale indentation is now widely applied
measure mechanical properties on a local scale. The t
nique has proven most valuable in quantifying the prop
ties of small-scale structures such as thin films. Howev
because of the inherent nature of nanoscale indentatio
also provides an unprecedented opportunity to underst
the physics and chemistry of how local structure is link
to observed mechanical properties. Though progress
been made, no clear picture of this link at the nanome
level has yet been developed. To this end, we have s
ied a model system with controlled atomic-level structu
(i.e., individual steps) in order to determine their influen
on detailed mechanical behavior.

It has long been recognized that mechanical prop
ties are controlled by the density of defects that act
sources of heterogeneous nucleation of dislocations.
effects of preexisting dislocations [1], inhomogeneiti
[2], grain boundaries [3], and surface scratches [4]
mechanical properties have been well documented.
cent nanoindentation studies on well-prepared Au sin
crystals in regions free of surface defects also give m
sured yield strengths comparable to the predicted id
strength of the lattice [5–7]. Surface defects, in the fo
of surface steps, have been observed to affect the y
stress measured by nanoindentation [7], but the effect
single surface defect has not been explored. By perfo
ing indentation tests in the vicinity of a single surfac
defect, we have measured its effect on heterogeneous
cleation, and by controlling the position of the probe wi
respect to the defect we are able to gain some underst
ing of the processes controlling the onset of plastic yie

Mechanical measurements were performed using the
terfacial force microscope (IFM). This instrument, whic
has been described in detail elsewhere [8], is dis
guished by its use of a novel electrostatically drive
force-feedback sensor to ensure rigid displacement c
trol during a loading experiment. This characteristic
the sensor will be exploited to quantify different samp
responses arising from differences in surface morpholo
In addition, the IFM enables one to perform consta
force imaging, similar to other scanning force techniqu
0031-9007y98y81(20)y4424(4)$15.00
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Imaging at a low forces0.2 mNd allowed us to locate sur-
face steps and to characterize the permanent deforma
after indentation.

The force sensor and piezoactuators were calibra
using a standard laboratory electronic balance and a d
placement indicator, respectively. Both calibrations a
necessary for quantitative measurements. Probes use
this study were electrochemically etched100 mm tungsten
wires with tip radii and a parabolic shape determined b
field emission scanning electron microscopy (four prob
were used with radii of 250, 720, 1000, and2300 Å).
Single-crystal Au samples with (111), (001), and (110) or
entations were Ar-ion sputtered and annealed at 950±C in
cycles until the only observed defects were surface ste
Immediately after cleaning, samples were immersed in
0.5 mM solution of hexadecanethiolfCH3sCH2d15SHg in
ethanol for 24 h to develop a self-assembled monolay
(SAM) of hexadecanethiol to passivate the probe-sam
interaction. Without the SAM, a strong adhesive intera
tion occurs between the Au and W tip and the material
plastic on contact [9,10]. Passivation eliminates this adh
sion [9,11] and allows us to analyze elastic force profil
using the Hertzian theory [12,13], which predicts the ela
tic behavior of a parabolic tip and planar sample using co
tinuum elasticity. If the applied stress exceeds the elas
limit of Au, plastic deformation is observed through a de
viation from the Hertzian response and a hysteresis loop
the loading cycle. With the probe radiussRd known, we
can quantify the mean applied stress at yieldssyd from the
measured forcesFd and depth of deformationsdd using the
relationship [12],

sy 
Fy

pRdy
, (1)

where the subscripts refer to values at the yield thresho
A typical portion of the surface of a specimen is show

in Fig. 1(a) in a repulsive-force image covering an are
7500 Å 3 7500 Å. Two steps can be seen: a singl
step having a height of 2.5 Å and a double step with
5.0 Å high step. Intrastep separations within multiste
defects were smaller than the lateral resolution of t
© 1998 The American Physical Society
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FIG. 1. (a) Constant-force7500 Å 3 7500 Å image of the
Au (111) surface depicting a monatomic step (2.5 Å hig
and a double step (5 Å high). The double step consists
two monatomic steps with a separation smaller than the late
resolution of the probesø100 Åd. (b) This shows the same
surface (different location) after several indentations.

imaging technique (in this caseø100 Å), such that step
bunches appeared as single step edges. The resolu
also precluded the observation of smaller defects, su
as adatom or vacancy islands with diameters,100 Å.
Loading data were acquired at positions that varied
distance to the nearest step, as illustrated in Fig. 1(b).

As a demonstration of the effect of surface defects
loading cycles, Fig. 2 presents results from indentatio
acquired far from and near to a step edge. The for
was recorded at displacement increments of 0.5 Å, a
in both cycles, the force rises nonlinearly with the dep
of deformation following the Hertzian relationship unt
plasticity begins. The deviation from Hertzian behavio
indicated by the open arrows in Fig. 2, takes the for
of relaxation “events” in which the load drops sudden
to some percentage of its threshold value. Loading w
continued until the repulsive force reached21.5 mN, at
which point the probe was retracted. The loading cycle
Fig. 2(a) was obtained with the indenter centered betwe
the edges of a terrace that was wider than 5000 Å (
from a step). In this case, yield occurred at approximate
h)
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,19 mN. The load drop during the initial yield even
was nearly 100%, and further plasticity also occurr
in smaller, but significant, relaxation events. The dep
of the residual indentation was 150 Å. In Fig. 2(b), th
indenter was positioned on a 1550-Å-wide terrace with
indenter axis approximately 300 Å from the 28-Å-hig
step edge. In this case, the yield event occurred at a fo
of ,10 mN, which corresponds to a reduction insy by
almost 50%. The load relaxation was only a few perce
and further plasticity occurred through a similar seri
of smaller events. The depth of the residual indentat
was 210 Å.

To quantify the influence of a single defect, thresho
yield-stress values near straight, isolated steps were m
sured on Au (111) surfaces. From a series of load
cycles performed using probes of various radii at vario
distances from steps of various heights,sy was calculated
using Eq. (1), the results of which are presented in Fig
A positive distance from the step edgesdd corresponds to
indenting on the high side of the step, and negative val
correspond to the low side. An error bar is shown on o
of the data points for comparison of a typical contact
ameter at yields2ayd as estimated from the relation [12]:

ay 
q

Rdy . (2)

FIG. 2. Indentation loading cycle from Au (111) demonstra
ing the effect of steps on plasticity. Open arrows identify yie
thresholds. (a) Loading cycle when the terrace width is grea
than 5000 Å and indenter is centered between the terrace ed
(b) Loading cycle when the indenter is on a 1550-Å-wide te
race, 300 Å from one terrace edge.
4425
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FIG. 3. Measured mean stress at yield as a function of st
indenter separationd for steps on the Au (111) surface havin
heights ranging from 5 to 30 Å. Positived values indicate
that the indenter is on the high side of the step, while negat
values refer to the low side. An error bar is shown on one d
point to represent typical diameters of the contact area at
yield threshold relative to the probe/step separation.

The horizontal broken lines on the upper portion of th
ordinate bound the range ofsy found for Au (111)
on wide, defect-free terraces [5]. When the indenter
positioned directly above the edge of the stepsd  0d,
sy is only 60%–70% of thesy found on the defect-
free terraces. It is important to point out that a decrea
in sy is observed not only when the contact area a
step overlap, but even when the two are considera
separated. This indicates that there is some interact
between the step and the stress field outside of the con
area. Note that whether the indenter was on the low
high side of a step made virtually no difference.

To quantify the spatial dependence of the reducti
in sy, we have replotted the data of Fig. 3 in Fig. 4 a
a function of jdyayj instead ofd. Wheneverjdyayj ,

,3, lower sy values were observed, and whenev
jdyayj . ,3, sy was no different from that found on
the wide, defect-free terraces. The transition betwe
the two regimes is not distinct and occurs somewhe
in the range of2 , jdyayj , 3. These results sugges
that a step does not affectsy when it is a distance
greater than,3ay away from the indenter, but that it
does nothave to be within the contact area to affe
plastic yield.

The spatial extent of plasticity was quantified b
measuring the dimensions of the pileup resulting fro
indentations on defect-free terraces. In an effort to isola
the plasticity due to the initial yield event, loading wa
reversed immediately after the instrument identified
drop in load of 10% within any displacement increme
of 0.5 Å. From 20 topographs, the mean periphery of t
pileup, identified as the extent of the region disturbed
the indentation, was found to be at a radius of,3.2ay

(with a standard deviation of 0.45). Taking the radiu
of the pileup to be the plastic zone radiussRpld we find
that Rpl ø 3.2ay, which is in agreement with previous
nanoindentation studies [14,15].
4426
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FIG. 4. Measured mean stress at yield as a function ofjdyayj
(absolute value of distance from the step normalized by elast
contact radius prior to yield). Whenjdyay j , 2, the yield
stress is reduced by a neighboring step, while forjdyay j . 3,
the yield stress is unaffected. The average size of the plas
zone sRpld for a surface without defects is indicated by the
dashed line.

The processes involved in initiating yield include the
nucleation of dislocation loops occurring at the position
where the shear stresses are maximum [6,7,16]. The po
of maximum shear is below the probe tip and well within
the contact area, yet we see that a defect at some dista
outside the contact area can reducesy significantly.
Based on continuum mechanics [12], stresses outsi
the contact area fall off assayyrd2 and are principally
tensile in nature. Thus, shear stresses atr  3ay can be
expected to be more than an order of magnitude lowe
than the maximum values. Still, dislocation nucleation
could be precipitated by the step’s presence if the step ac
as a significant stress concentrator. The continuum-lev
stress concentration factor is approximately

p
hyr, where

h is the step height, andr is the radius of the step at its
base [17]. While we did see a scaling effect withh, to
achieve shear-stress levels at the step that equal the sh
stresses under the indenter would then requirehyr .

100, meaning thatr must assume subatomic values. The
continuum approach is an inadequate approximation fo
this case, since a step is by its very nature an atomic-lev
feature. Paradoxically, the lateral size scale of the effe
is orders of magnitude larger than the atomic scale. Th
solution to the problem, including a full understanding
of the detailed processes responsible, will have to awa
calculations which are able to handle the dimensions o
the experiment while including the atomic-level details in
the neighborhood of the step boundary.

In summary, we have performed nanoindentation ex
periments to quantify the effects of surface defects o
the initiation of plastic yield. Indenting near a step re
ducedsy by 30%–45% and reduced the magnitude o
yield-relaxation events. In addition, we have identified a
characteristic length within which surface defects affec
indentation processes, and this length isø3ay . These ob-
servations indicate that processes that initiate yield are n
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localized to the point of maximum shear, but can be i
fluenced by the concentration of stress due to inhom
geneities. The results of this study not only identity th
effect of surface defects on indentation, such that we ha
a better idea of how to correlate results from atomica
smooth and rough surfaces, but they also give an indi
tion that yield processes are less localized than previou
appreciated.
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