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We report a nanoscale adhesion induced nano-response in terms of re-indentation during in situ trans-
mission electron microscope (TEM) nanoindentation on the carbon coating with silicon substrate. The
adhesive force generated with nanoindentation was measured, and re-indentation phenomenon during
unloading with displacement sudden drop and external loading force change from tension to com-
pression was found. The occurrence of re-indentation during unloading was ascribed to the adhesive
force of the contact interface between the indenter and the coating surface. Adhesion energies released
for re-indentation processes were quantitatively analyzed from the re-indentation load-displacement
curves, and carbon coating reduced the impact of adhesion for silicon substrate. The adhesion induced
nano-response of contact surfaces would affect the reliability and performance of nano devices.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Carbon coatings have brought bright prospect in the devel-
opment of nano devices, since the unique carbon structure of
graphene, fullerene, carbon nanotube results in a combination of
desirable mechanical [1], tribological [2,3], electrical [4], magnet-
ical [5,6], and optical [7] properties. For its application on novel
functional carbon based nano devices, the adhesive force at two
contacted solid surfaces plays an essential role to determine the
performance of nano devices, for example the tribotronic devices
[8] convert the mechanical energy from contact-separation or rel-
ative movement into electricity or electrostatic potential [9,10],
while adhesion between two material surfaces will prevent rela-
tive motion [11]. The adhesive force can be large enough to have
influences at nanoscale contact on biological samples|12] and poly-
mer films [13]. Therefore, it is important to study the adhesive
properties of the coating surface as well as the adhesion induced
nano-response in terms of any sudden movement at nanoscale.

The study of adhesion was often extracted from the pull-off force
for tips in contact with flat substrates by means of atomic force
microscope (AFM) measurements [14-16] or theoretical molec-
ular dynamics (MD) simulations [17-19]. Such contact does not
involve in the elastic-plastic deformations. During nanoindentation
contact, the indentation force results from the addition of adhe-
sive and elastic forces at the indenter-sample contact [20,21]. As
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the critical indentation depth decreases to nanoscale, the effect
of adhesion has to be considered [22]. In situ nanoindentation
in transmission electron microscope (TEM) enables the real-time
observation of deformation and simultaneous measurement of
load-displacement behavior [23-27]. By using the in situ nanoin-
dentation, the adhesion at the actual indent region can be measured
and directly observed, which provides an effective way to study
the adhesion of the two contact surface in nano devices. However,
in situ observations of nanoscale adhesion on coating substrate
have not been reported yet.

In this paper, we report an in situ TEM observation of adhe-
sion induced re-indentation of carbon coating. The carbon coating
was fabricated on silicon wedge substrate by electron cyclotron
resonance (ECR) plasma sputtering. Focused ion beam was used
to fabricate carbon coated silicon pillar specimens for in situ TEM
nanoindentation tests, which were carried out in displacement con-
trolled mode. The loading and unloading processes were in situ
observed and the load-displacement curves were recorded. Re-
indentation phenomena during unloading for the nano-response of
adhesion was investigated and the adhesion energies of different
re-indentation loops were quantitatively analyzed.

2. Experiments
2.1. Sample preparation
The carbon coating was prepared on a polished silicon wedge

substrate (p-type (1 00)) by the electron cyclotron resonance (ECR)
plasma sputtering method [28]. Magnetic field and microwave
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Fig. 1. (a) and (b) The FIB processing to fabricated carbon coated silicon pillar specimens for in situ nanoindentation tests with roughcasts pillar processing and refinement
pillar processing, respectively. (c) The dark-field TEM image of the indenter and the carbon coated silicon pillar (coating thickness of 120 nm) before in situ nanoindentation

test.

were combined to generate argon plasma. Silicon wedge substrate
was pre-sputtered prior to deposition by 3 min etching to remove
any residual contaminants. Then, carbon atoms were consequently
sputtered off the target and carbon coatings with thickness of
120nm and 20nm were prepared by applying a substrate bias
voltage. After coating deposition, the ECR carbon coating on sil-
icon samples were micromachined to pillar specimens for in situ
nanoindentation tests by using a FEI Helios Nanolab 600 focused ion
beam (FIB). First, the sample was FIB milled to rectangle roughcasts
pillar with an initial geometry of 500 nm in width, 500 nm in thick-
ness and 800 nm in length, as shown in Fig. 1(a). During this stage,
30KkV ion accelerating voltage and 93 nA FIB current was applied.
Then take coating thickness and pillar specimen size into consid-
eration, two pillar specimen of different sizes were processed by
refinement operation and fine machining under 15kV ion acceler-
ating voltage and 43 pA FIB current. Coating with 20 nm thickness
had dimensions of 250 nm x 250 nm x 720 nm, and coating with
120 nm thickness had dimensions of 250 nm x 250 nm x 450 nm,
respectively, the latter one observed by scanning electron micro-
scope is shown in Fig. 1(b). One thing should be noticed that
ultralow FIB current of 43 pA was applied during the finishing stage
to avoid possible damages (including ion doping) or thermal recrys-
tallization caused by ion bombardments.

2.2. In-situ nanoindentation

In situ nanoindentation tests were carried out inside a
JEOL JEM-2100F TEM using the Hysitron PI95 Picolndenter.
A Boron-through-doped diamond cube corner indenter with
curvature radius of 40nm was used. The experiments were
run in displacement controlled mode due to its sensitivity to
transient phenomenon. For this purpose, a miniature capaci-
tive load-displacement transducer was integrated into the TEM
holder, which permitting high-resolution measurements of the
load-displacement response (resolution of <3 nN in load, <0.02 nm
in displacement). Fig. 1(c) shows the dark-field TEM image of the
indenter and the carbon coated silicon pillar. Before the in situ
nanoindentation test, the cubic diamond tip was carefully adjusted
to make sure that the tip can perpendicularly indent on the car-
bon coated silicon pillar specimen. The nanoindentation tests were
conducted at a controlled displacement rate in the range of 2 to
5nm/s. To investigate the adhesion induced nano-response in the
load-displacement curves, two different maximum indentation
depths hmax (85nm and 135nm) were performed on the car-
bon coating with thickness of 120 nm, which presented the depth
smaller and larger than the coating thickness. For coating with
thickness of 20 nm, only one depth of 85 nm was chosen to perform

the test. The corresponding structural evolution was recorded with
a Gatan 830 (SC200) CCD camera.

3. Results

The displacement and load variations with maximum indenta-
tion depth of 85 nm on the 120 nm ECR carbon coating were shown
in Fig. 2. As shown in Fig. 2(a), during the unloading process, two
sudden displacement drops were found and the load decreased
to negative values at the same time. The displacement drops
implied that the tip experienced from getting rid of contact to re-
contact with the sample. Checking the load-displacement curves
in Fig. 2(b), it is interesting to note that two re-indentation loops
during unloading were detected. For the first re-indentation, the
position of the indenter moved a distance, from 33.4nm to 19.3 nm
and to 28.4nm at last in the very short time, correspondingly, the
external loading force (P) applied on the indenter changed from
—8.7 N to O N, and finally to 1.7 wN. The other re-indentation
started atindentation depth of 18.1 nm, and the re-indentation load
is too small to be clearly observed.

Fig. 3(a)-(f) shows the TEM images during the in situ nanoin-
dentation tests, in one-to-one correspondence with the six points
A-F marked in its load-displacement curve displayed in Fig. 2(b).
Fig. 3(a) shows the initial aspect before the test. Fig. 3(b) corre-
sponds with the maximum indentation depth hy,x of 85 nm, where
the value of P was 285.4 wN. It could be found that plastic defor-
mation was initiated at the coating surface. At indentation depth
of 33.4nm during unloading (Fig. 3(c)), the loading force exhibited
a negative value of —8.7 wN, which was generated by the adhesive
force between the tip and the coating. Through Fig. 3(c)-(e), a clear
discontinuity in the unloading curve can be observed, and the dis-
placement suddenly dropped followed by moving back. Note that
this process took about 0.1s, in which the external loading force
changed from tension to compression as indicated by red dotted
arrow in Fig. 2(b) and one loop of re-indentation process occurred.
The other re-indentation process started at 18.1 nm of indentation
depth, most evident in Fig. 2(a). After complete unloading in this
test, a final coating deformation of 20.0 nm was detected from the
bright-field TEM image of Fig. 3(f). The whole in situ nanoindenta-
tion process was shown from the Supplementary movie M1.AVL

For the ECR carbon coating with thickness of 120 nm, the other
nanoindentation test with the maximum indentation depth hmax
of 135 nm was performed. The load and displacement versus time
are shown in Fig. 4(a), and we can see three displacement sud-
den drops, correspondingly, the external loading force fluctuated.
Fig. 4(b) shows the load-displacement curve, and three obvious
re-indentation loops can be found. The re-indentation processes
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Fig.2. Displacement and load variations during the in situ nanoindentation process with maximum indentation depth of 85 nm (coating thickness of 120 nm). (a) Displacement
and load versus time, (b) Load-displacement curve. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a)-(e) video montages taken from the dark-field TEM movie with maximum indentation depth of 85 nm (coating thickness of 120 nm), (f) bright-field TEM image
after the test. (a)—(f) were in one-to-one correspondence with the six points A-F in its load-displacement curve in Fig. 2(b).
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Fig. 4. Displacement and load variations during the in situ nanoindentation process with maximum indentation depth of 135nm (coating thickness of 120nm). (a)
Displacement and load versus time, (b) Load-displacement curve.
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Fig. 5. Six representative in situ nanoindentation states taken from the bright-field TEM movie with maximum indentation depth of 135 nm (coating thickness of 120 nm),
(a)-(f) were in one-to-one correspondence with the six points A-F marked in its load-displacement curve in Fig. 4(b).

started with the adhesive force of —6.1 wN, —8.3 wN and —4.4 N
for the first, second and third loop, respectively, as indicated with
C, D’ and E’ in the figure. Six representative TEM images in one-
to-one correspondence with the six points A-F marked in Fig. 4(b)
were shown in Fig. 5. Through Fig. 5(a) and (b), the indentation
depth increased gradually without breaking the pillar specimen.
Fig. 5(b) corresponds with hpax of 135 nm, and the force applied on
the indenter got the maximum value of 335 wN. Fig. 5(c)—(e) exhib-
ited the re-loading to maximum re-indentation depth states for
the three re-indentation loops, and the maximum re-indentation
depth gradually decreased. A high contrast dark region below the
apex of tip was observed in Fig. 5(c)-(e), the contrast in this local-
ized region is attributed to the large strain gradients underneath
the indenter during re-indentation process. It is suggested that the
region under compression are denser, then the scattering of the
incident electron beam is greater and the contrast is darker [24].
The darker contrast region decreased with the re-indentation loop
increased, which means the re-indentation induced compression
decreased with time increase. The value of final coating deforma-
tion was 35 nm as shown in Fig. 5(f), and a crack was observed in the
middle of carbon coating. Supplementary movie M2.AVI shows the
dynamic process of in-situ nanoindentation. Compared with the
test results in Fig. 2, the number of re-indentation loop increased,
while the maximum adhesive force to start a re-indentation barely
changed. All the forces were less than —10 N for the 120 nm carbon
coating.

To confirm the re-indentation nano-response induced by adhe-
sion release during unloading, in situ nanoindentation test was
carried out on the other ECR carbon coating with a much thinner
thickness of 20 nm. Since the film is too thin that cannot be avoided
by the substrate effect with smaller indentation depth, only one
maximum indentation depth of 85 nm was chosen to perform the
in situ nanoindentation test. Fig. 6 shows the load and displace-
ment variations. During the loading process, with the indentation
depth increase, the external loading force gradually increased until
a sudden load drop happened as shown in Fig. 6(a). The coating
was fractured, which is most evident in correspondence to the clear

discontinuity of load-displacement curve in Fig. 6(b). With the dis-
placement further increased, a pop-in feature can be observed in
the loading curve whichisrelated to the delamination of a large part
of the coating [1]. When the indentation depth reached the maxi-
mum value of 85 nm, the external loading force was 99.8 wN. During
unloading, displacement sudden drops, which corresponded to the
re-indentation processes, were also found. The first large displace-
ment drop occurred at around 60 nm indentation depth, and the
other two smaller drops occurred when the indentation depth was
45.9nm and 38.0 nm, respectively. The dynamic nanoindentation
process was shown from the Supplementary movie M3.AVI.

Fig. 7 shows the bright-field TEM images of in situ nanoinden-
tation test, in one-to-one correspondence with the nine points A-I
marked in its load-displacement curve displayed in Fig. 6(b). The
initial aspect before the test was shown in Fig. 7(a). Fig. 7(b) shows
that the external loading force (P) reached the maximum value for
the first time in the middle of loading process, the coating was not
penetrated when the indention depth was at 50 nm. With the work-
ing of displacement controller, the displacement of the indenter
kept increasing and the coating was suddenly fractured, which cor-
responded with the clear discontinuity of load-displacement curve
(See point C in Fig. 6(b) and relative Fig. 7(c)). The discontinuity in
loading curve was ascribed to the fracture of thin carbon coating.
After the coating fracture, a pop-in feature can be observed in the
loading curve which may relate to the delamination of a large part
of the coating, as shown from Fig. 7(d) to (e). Fig. 7(f) corresponded
to the maximum indentation depth hmax of 85 nm. Due to the frac-
ture and delamination of carbon coating, an obvious elastic-plastic
deformation can be observed. From Fig. 7(g) to (h), the external
loading force jumped from negative value to a positive one very
quickly in about 0.1's, whichresulted in the first re-indentation dur-
ing unloading. According to the load-displacement curve, another
two small re-indentations occurred after the first one. Finally, after
the unloading process (as shown in Fig. 7(i)), coating fracture and
the residual indentation depth which is much deeper than the
coating thickness can be observed. One may note that the first dis-
placement drop and relative adhesive force are much larger than
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Fig. 6. Displacement and load variations during the in situ nanoindentation process with maximum indentation depth of 85 nm (coating thickness of 20 nm). (a) Displacement
and load versus time; (b) Load-displacement curve.

Fig. 7. In situ TEM nanoindentation of the carbon coating with thickness of 20 nm. Images (a)-(i) were video montages taken from the bright-field TEM movie during the
nanoindentation test and corresponded to the numbered points A-I marked in the load-displacement curve in Fig. 6(b).

the other two re-indentations. The value of P was —20.8 N, which 4. Discussion

is also much larger than the adhesive forces when the tip contact

with 120nm carbon coating. The reason is suggested that when In the aim of clearly exhibit how adhesion induced a re-
part of thin carbon coating is delaminated, the indenter contacts indentation nano-response, and how it was captured with the
directly with the silicon substrate, and the adhesive force between in-situ TEM nanoindentation test in displacement controlled mode,
diamond tip and silicon is larger than that when the indenter only three working states of the miniature capacitive load-displacement
contact with the carbon coating, which will be analyzed next. transducer during unloading were presented in Fig. 8. Taken the
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Fig. 8. Schematic of three working states during unloading process for 120 nm carbon coating with maximum indentation depth of 135 nm (a) The starting point of unloading
at depth of 135nm, (b) The maximum adhesion point at depth of 80 nm, (c) The starting point of re-indentation at depth of 35nm, (d) The corresponding schematic
load-displacement curve contains the loading, unloading and first re-indentation processes.

Table 1
The adhesion energies stored in different re-indentation processes during unloading.

In-situ TEM nanoindentation

Adhesion energy W, (x10-1°])

Coating thickness t (nm) Maximum indentation depth hpyax (nm) 1st loop 2nd loop 3rd loop
120 85 1003.4 747.9 -
120 135 20,244.8 19,486.1 4330.1
20 85 100,800.0 17,310.3 7149.0

first re-indentation occurred on the 120nm ECR carbon coating
with hmax of 135nm for example, Fig. 8(a) shows the working
state at the maximum indentation depth (135 nm). The external
loading force (P of 335.0 wN) contained the actions of the elastic
force and the adhesive force Py, which resulted from the adhesion
between the indenter and the carbon coating on silicon. When the
indentation depth is reduced to 80 nm as shown in Fig. 8(b), the
elastic deformation was recovered and the adhesive force became
the largest in this position, as a sum, P got the value of —6.1 N.
Through Fig. 8(b) to (c), due to the sudden disappearance of adhe-
sive force, the indenter tip jumped back 45nm, from 80nm to
35 nm, along unloading direction. According to the one-to-one rela-
tionship between the displacement of the indenter tip and the
external loading force applied, the indenter has to move back from
35 nm to 80 nm. Thereafter, the nano-response of adhesion resulted
in a re-indentation during unloading, which was detected by our
insitu TEM nanoindentation tests in displacement controlled mode.

In order to further recognize the adhesion induced re-
indentation, the energy released in adhesion was quantitatively
analyzed. Since the area under the load-displacement curve is the
work performed by the indenter during elastic-plastic deforma-
tion of carbon coated silicon substrate [29]. In our experiments,
the energy transformation between two different loops of re-
indentation (adhesion energy) during unloading can be calculated
from the corresponding areas in the unloading curve. Fig. 8(d)
shows a simplified load-displacement curve containing the

loading (OA), unloading (AB), and the first re-indentation (BCD). Let
us consider the unloading curve ABCD. During the unloading pro-
cess, the pure elastic deformation was recovered at point By, where
P reduced to zero and the compression effect by indenter disap-
peared. However, due to the adhesion between tip and nanosurface,
the displacement of indenter kept moving from By to B, and the
adhesion accumulated to the maximum. Then, after the adhesion
energy was released, the indenter showed up a sudden displace-
ment jump to C and a re-indentation process to D. Therefore, the
adhesion energy stored for this re-indentation process should be
the area of ByBB; (W;), as shown in Fig. 8(d). It can be noted that
the adhesion energy stored for different re-indentation loops is
different. Table 1 shows the analyzed adhesion energy for all of
the re-indentations occurred with different loops during unload-
ing. It can be seen that as the loop of re-indentation increases, the
adhesion energy gradually decreased. For the ECR carbon coating
with thickness of 120 nm, the coating was not delaminated dur-
ing the whole in situ nanoindentation process, and the adhesion
energies between diamond tip and carbon coating were relative
small. When the carbon coating (thickness of 20 nm) is fractured
and delaminated during nanoindentation, the indenter contacts
directly with the silicon substrate, at this time, the adhesion energy
(100,800.0 x 10~15]) is at least five times larger than the case that
the indenter only contact with the ECR carbon coating. This means
that ECR carbon coating plays an important role in decreasing the
surface adhesion energy for silicon substrate.
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5. Conclusion

In this paper, to explore the nano-response induced by
nanoscale adhesion at the carbon coated surface, we performed
in situ TEM nanoindentation test. The re-indentation phenomenon
with displacement sudden drop and external loading force change
from tension to compression was directly observed. The origin of
re-indentation was ascribed to the adhesion of the contact inter-
face between the indenter and the coating surface. The adhesion
energies stored in the re-indentation processes were quantitatively
calculated from the re-indentation load-displacement curves.
Results showed that the adhesion energy between tip-carbon is one
fiftth smaller than that between tip-silicon, carbon coating reduce
the impact of adhesion induced nano-response for silicon substrate.
This research brings about an adhesion induced nano-response in
terms of re-indentation with different adhesive forces and energies,
which impact the reliability and performance of nano devices.
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