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Nanoindentation and nanoscratching of an indium phosphide (InP) semiconductor surface was
investigated via contact mechanics. Plastic deformation in InP is known to be caused by the
nucleation, propagation, and multiplication of dislocations. Using selective electrochemical
dissolution, which reveals dislocations at the semiconductor surface, the load needed to create the
first dislocations in indentation and scratching can be determined. The experimental results showed
that the load threshold to generate the first dislocations is twice lower in scratching compared to
indentation. By modeling the elastic stress fields using contact mechanics based on Hertz’s theory,
the results during scratching can be related to the friction between the surface and the tip. Moreover,
Hertz’s model suggests that dislocations nucleate firstly at the surface and then propagate inside the
bulk. The dislocation nucleation process explains the pop-in event which is characterized by a sudden
extension of the indenter inside the surface during loading.

. INTRODUCTION

Indentation testing is a widely recognized method to
investigate the fundamental mechanical materials properties,
such as the hardness, Young’s modulus, and/or Poisson’s
ratio." This method has many other potential applications in
diverse fields, e.g., investigation of phase transformations, >
thin film delamination,® and/or cleavage of materials.>®
Thus, indentation mechanics is extensively described in
several text books.”® Most scientists agree that, in III-V
semiconductors, the nucleation of dislocations, also called
the elastic—plastic transition, is associated with the pop-in in
the load—displacement curve in nanoindentation.”"* Some
authors'>'* found that, for InP, pop-in event is statistical and
is related to a low density of native defects. The fact that
plastic deformation can occur even without pop-in was
explained via the difference in doping that dramatically
changes the pathway to plastic deformation.'* In contrast,
Almeida et al.' found that the native oxide on InP epitaxial
layer grown on semi-insulating InP (001) wafers leads to an
overestimation of the mean contact pressure required for
the initial plastic deformation. Mann and Pethica'®"”’
showed that, for GaAs, the approach velocity and the
nanometric-size surface asperities play a vital role on the
initial contact stiffness and the yield point. Hence, taking
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into account nanometric surface inhomogeneities and small
impact during the initial contact, some dislocation lines may
be generated even at loads close to zero. Such disloca-
tions might not be stable after unloading unless they have
multiplied or pinned in some ways.'” In contrast to nano-
indentation, very little fundamental studies have been
performed on nanoscratching, a technique mainly used to
investigate delamination of layered materials,'® tribologi-
cal contacts,'® or deformation and cracking processes.’*>>
The nanoscratching technique is commonly viewed as a test,
which generates many incontrollable defects such as cracks
and particles generation at the surface (ductile chips, brittle
chips).24’25 When controlled, scratching can be used to
generate a starter crack for ensuing cleavage of semi-
conductors.”®?” In the last years, the nanoscratching has
found a renewal of interest in patterning techniques since
it was recently proved that highly selective dissolution
could be obtained on n-InP surfaces scratched with well-
controlled loads as low as a few micro-Newtons.***
Moreover, transmission electron microscopy (TEM) in-
vestigation showed that, even at this low force scale,
dislocations were generated under the tip and that a few
dislocations were sufficient to trigger local electrochemical
dissolution. These findings allowed the development of an
easy and rapid method to reveal the dislocation field inside
a damaged area on InP surfaces with a classical electro-
chemical setup.”’

In this work, the nucleation of dislocation during nano-
indentation and nanoscratching is investigated via contact
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mechanics. Several nanoindentations and nanoscratches
were realized at various micro-Newton loads on InP
surfaces using a characterized diamond tip. The resulting
patterns were dissolved by electrochemical etching. In
parallel, indentation tests were conducted to determine the
transition load at which pop-in events occur. Loads re-
quired to create the first dislocations were determined for
indentation and scratching tests. These indentation results
will be compared to pop-in events. These experimental
threshold values were implemented in a contact mechanics
model that computes the distribution of the maximum shear
stress under the tip. The modeling is based on the elastic
equation set written by Hanson and Johnson,**>! which
computes the elastic field of a spherical Hertzian contact
and includes sliding friction to study the scratching pro-
cess. The application of this model requires an accurate
knowledge of the tip radius used. This tip radius was
accurately measured using two different methods: (i) by
direct imaging of the tip topography using an atomic force
microscope (AFM), and (ii) by fitting the experimental
load—penetration curve of several indentations with the
theoretical equation of surface deformation of an elastic
body under contact loading. The experimental results in
conjunction with the theory show that the load required to
generate systematically the first dislocations on InP(100)
surface is half in scratching than in indentation. The inde-
ntation results show that in some experiments, (below
2 mN), dislocation nucleation happens statistically with-
out a pop-in event. Additionally, this investigation sug-
gests that dislocations nucleate first at the surface and then
propagate inside the bulk, which can be an explanation
for the so-called pop-in effect in InP indentation.'®™'*32
Finally, in opposition to the general beliefs (scratching
tests create too many damages), we prove in this article
that scratching is a suitable method to control dislocation
nucleation inside a crystalline material.

Il. EXPERIMENTAL

Nanoindentation and nanoscratching experiments were
performed with a MTS Nano-Indenter XP (NanoXP from
MTS, MTS Systems Corporation, Eden Prairie, MN).
This apparatus is equipped with a lateral force measure-
ment option for scratch experiments. To minimize the
influence of the native oxide layer (2-3 nm), it was
decided to use ideally a spherical tip with a large radius
(three orders of magnitude higher than the oxide
thickness). Hence, the experiments were carried out
with a Berkovich diamond tip (three sides with a semi-
apex angle of 65.3°)*2. This tip was chosen since, after
hundred scratches on various semiconductors such as Si,
GaAs, and InP, the tip radius had become a pseudoperfect
spherical tip up to a depth of 40 nm. The tip radius was
estimated via two methods: (i) atomic force microscopy and
(ii) using elastic indentation in conjunction with Hertz

equations.,7’30’31 and radii of 2.4 and 2.7 pm were determined

up to a depth of 40 nm.

For all experiments, polished n-type InP{100}
wafers were used, with sulfur doping (n ~ 3 x 10'® to
8 x 10'® cm™?) and a dislocation density <1000 cm 2.
The surface roughness Rz of the InP wafer was smaller than
2 nm. The Young’s modulus of InP was determined by
performing 20 indentations at a 50 mN load on the (100)
plane.' The indentation test results on the (100) plane
yielded a Young’s modulus of 95.37 GPa and confirmed,
within the measurement uncertainty, the literature value.>*
This value was used for all calculations, together with
aPoisson’s ratio of v = 0.36.%” It is well recognized that the
glide planes are {111} and the glide directions are <110>
leading to a 2-fold symmetry, the so-called rosette arm
patterns.”'**>%° This rosette arm was observed parallel to
the [110] direction and the other one parallel to the
orthogonal [110]. It is known that a-dislocations are along
the [110] direction, whereas B-dislocations are along [110]
and o-dislocations are faster than B-dislocations.>®

To determine the load required to nucleate the first
dislocations in indentation, 80 indents from 0.25 to 4 mN
by step of 0.25 mN with a constant loading rate of 62.5 UN/s
were performed. These indents were subsequently dissolved
by electrochemical etching in 1M HCl so that the dislocation
field was revealed at the surface. To establish at which load
pop-in events take place, 100 indents were done from 1 to
20 mN with a step of 1 mN and a constant loading rate of
200 pN/s giving a strain rate close to the scratching
experiment (&; ~ 1-4 s 1. To evaluate the load at which
dislocations nucleation occur during the scratching of InP
surface, 15 scratches were carried out by raising the load
along the scratch direction from O to 2 mN with a velocity
between 1 and 5 pm/s. The grooves were obtained by
scratching in the <<110> direction on the InP surface. The
edge of the pyramidal Berkovich tip was oriented in the
scratch direction. The grooves were then subsequently
dissolved in 1 M HCI for dislocation field revelation.

For electrochemical setup, a back contact electrode to
the InP was established by smearing an indium—gallium
eutectic on the backside of the samples. The samples were
then pressed against a nitrile O-ring of an electrochemi-
cal cell leaving a surface of 0.29 cm? exposed to the
electrolyte. The dissolution experiments were performed
at a constant voltage of 600 mV during 60 s with an
Autolab model PGSTAT30 potentiostat/galvanostat and
a conventional three electrode setup using a silver/silver
chloride electrode (Ag/AgCl, C = 236.3 mV versus the
standard hydrogen electrode) as reference electrode to-
gether with a platinum counter electrode. Scanning elect-
ron microscopy (SEM) micrographs were taken under
a Zeiss DSM 962 (Carl Zeiss International, Oberkochen,
Germany) operating at 15 kV leading to a resolution limit
of 10 nm. A detailed characterization of the tip topography
as well as a scratch were performed by AFM in noncontact
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mode using a Topometrix Explorer (TopoMetrix Explorer,
Santa Clara, CA, USA) instrument with a linearized
scanner head and loop controlled to keep the distance
tip-sample constant. The AFM is placed on a vibration-
isolated table mounted with four springs in a frame. The
measurement are carried out with a pyramidal silicon-
nitride tip (Topometrix SEM-Probes, Ref 1520-00) coated
with a reflective coating of gold/chromium. The tip radius
was given of approximately 100 nm and a top angle of 90°.
The cantilever used had a V-shape with an arm length of
600 pum and a thickness of 600 nm. The measurement of the
diamond tip was simply performed by installing the tip
upside down in a homemade sample holder.

lll. RESULTS

For a rigid contact analysis, the exact tip radius is
required. To achieve this, two independent methods were
used to evaluate the tip radius. First, five purely elastic
indentations (confirmed via electrochemical etching) were
performed at a force of up to 1.75 mN with a loading rate of
25 uN/s. Figure 1 shows the averaged load—penetration
curve of these indentations on InP, as well as the fit of the
surface deformation (w) from the Hertz equations7’30’3]:

3P . 3pPr\'"
w=— , witha=-—) ,

4 FE*a 4 E* (1)
and L _ 1-v 11— V2Diamond

E* E EDiamond 7

where P is the load, r the tip radius, and (E, v) and
(Ebjamond> VDiamona) the Young’s modulus and the Pois-
son’s ratio of InP and diamond, respectively. For
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FIG. 1. Average load—penetration curve of elastic indentations on
indium phosphide. The fit of the normal deformation (w) of the surface
gives a tip radius of 2.7 pm. In insert, atomic force microscopy (AFM)
image of the Berkovich tip. Arrow 1 indicates the scratching orientation.
The arrow 2 shows the transition edge between the rounded top and the
back plane of the Berkovich tip. Arrow 3 points at wear lines formed
during the repeated scratching experiments.

diamond, the values were taken from the literature with
Epiamond = 1,143 GPa®” and vpjumona = 0.07.%® From the
fit of Eq. (1), a radius of 2.7 pm for the diamond tip was
determined. Second, the insert in Fig. 1 shows a detailed
image of the tip topography measured by AFM. This
three-dimensional (3D) illustration confirmed that the top
of the Berkovich tip is spherical and the three planes are
also visible. In the inserted figure, the arrow 1 indicates the
edge used for scratching. The arrow 2 shows the transition
edge between the rounded top and the back plane of the
Berkovich tip. Wear lines are perceptible (arrow 3) that
were formed during the repeated scratching experiments.
By extracting three profiles from a line lying along each
edge of the Berkovich tip, the tip radius was evaluated to
be 2.4 pm by extracting the surface from the top of the tip
down to approximately 40 nm (which correspond to the
depth reached from the elastic indentation of Fig. 1). An
identical analysis was performed at the end of our experi-
ments and no changes could be identified. Considering
the ambiguities in the tip radius, both radii values will be
used for calculation of the critical shear stresses given
in Table 1.

Figure 2 shows an optical micrograph of an array of
80 indents revealed by electrochemical etching. At the
left and right borders of the optical image, a row of five
reference indents with a load of 10 mN were carried out to
delimit the indentation zone. Between both reference
rows, indentation rows containing five indents were perf-
ormed by increasing the loads from the left (0.25 mN) to
the right (4 mN) by steps of 0.25 mN. Inspection of Fig. 2
indicates that the optical image can be divided into three
regions. They are (i) loads below 0.75 mN, no dissolved
indents appear; (ii) between 1 and 2.25 mN, some indents
appear stochastically; and (iii) above 2.5 mN, all indents
are revealed. It is noticed that at a load of 3.25 mN, one
indent is not visible in the middle of the row, certainly due
to either an error of the nanoindenter apparatus (not finding
the wafer surface) or due to the presence of a dust particle.
All indent locations in Fig. 2 were as well observed via
SEM and, within its resolution (10 nm at 15 kV), no plastic
deformation was seen for loads below 0.75 mN, even of the
native oxide layer. To investigate the stress repartition of the
indents during indentation, four magnified SEM microg-
raph insets of the indents are displayed in Fig. 2 at 1.25, 2, 3,
and 4 mN. These images show the influence of the load in
conjunction with the tip geometry on the dislocations
nucleation and propagation which was revealed by electro-
chemical etching. The upper dissolved area, (see arrow 2 in
Fig. 2) in the first three micrographs (from the left to the
right), corresponds to the transition edge between the
rounded top and the back plane of the Berkovich tip in
the inserted AFM image of Fig. 1 (see arrow 2 in Fig. 1).
This dissolved form follows a straight trench along the
[110] direction. This suggests that during loading, higher
shear stress arise due to stress concentration at the transition
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EfSEE76 2 2,25
FIG. 2. Optical image of the indentation arrays revealed by electrochemical etching. On the left and right, 10 mN reference indents delimit the zone.
Three different regions can be determined: from 0.25 to 0.75 mN, no dislocations are visible; from 1 to 2.25 mN, first indents appear statistically; and
from 2.5 to 4 mN, indents can be clearly seen. In insert, Scanning electron microscopy (SEM) micrographs of indents at 1.25, 2, 3, and 4 mN: one can
clearly distinguish the influence of the load on the dissolved imprints (arrow 1 indicates the orientation of the tip in [110] direction).

edge (defined above) leading to the dislocation nucleation
in a preferential direction via B-dislocations. By increasing
the load, one can see dissolved lines perpendicular to the
straight dissolved trenches (see arrow 3 in Fig. 2). These
dissolved lines correspond to the [110] direction via
a-dislocations and can be correlated to the topographical
lines visible on the top of the blunt Berkovich tip (see arrow
3 in Fig. 1). These lines are related to the wear lines present
at the surface of the diamond tip. It demonstrates with
certainty that, together with the transition edge, the spher-
ical part of the tip was in contact with the surface during
indentations between 2 and 3 mN. At 4 mN, all indents are
dissolved. The triangular shape of the Berkovich tip is
clearly visible, which indicates that more than the spherical
end of the tip was penetrating the surface.

To investigate the pop-in event, 100 indents were
carried out at various loads from 1 to 20 mN. Figure 3
shows a typical load—penetration curve acquired when
indenting an {100} InP wafer up to a load of 7 mN. This
plot shows a prominent discontinuity during the loading
step at approximately 2.6 mN well known in the field of
indentation as pop-in. At the pop-in event threshold, the
indenter undergoes a sudden extension of around 10 nm.
From the results, a mean value of 2.27 mN was found for the
pop-in event. The minimum and maximum loads that define
the transition regime between no pop-in and well-defined
pop-in occurrence were 2 and 2.85 mN, respectively.

Figure 4 shows two scratching tests where the lower
scratch serves only as a reference and was carried out at the
constant load of 10 mN. The upper scratch is representative
of a set of 15 tests. It was realized by increasing the load
from O up to 2 mN along a distance of 100 um with a
scratch velocity of 10 pm/s. Identically, to the indentation
experiments, the dislocation field was first revealed by
electrochemical etching. The first dissolved areas corre-
sponding to the first dislocations nucleation appear at a load
threshold of approximately 0.98 mN. The insert in Fig. 4
presents a SEM micrograph of the beginning of the dissolved
scratch. In this insert, several lines appear in the [110]
direction followed two micrometers further in the [110]
direction by a large, flat, circular area of dissolved material of
approximately 5 pm in diameter. These large dissolved areas
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FIG. 3. Load—penetration curve for InP sample loaded up to 7 mN
including the pop-in load (2.6 mN) and the pop-in extension (~10 nm).

are positioned at the center of the scratch, and thus their
presences are related to the scratch dissolution. It can be
concluded that these lines perpendicular to the scratching
direction and the circular area correspond clearly to the
beginning of plastic deformation. A dark line is also visible
and is assumed to be due to a carbon contamination which
may come from a dirty tip. From this SEM image, it is
obvious that the location and the subsequent load needed to
generate the first dislocations in InP can be very precisely
determined using this electrochemical etching technique.
The load threshold, for which the first dislocations are ob-
served to occur during the scratching tests, is found to vary
between 0.74 and 1.22 mN with a mean value of 0.93 mN.
The friction coefficient ( f = F/P with P the normal load and
F the tangential load) is estimated to be approximately 0.07.
Although, the friction coefficient between diamond and InP
remains unknown,” this result is in good agreement with the
commonly observed value of 0.1 for the friction of diamond
on semiconductor surfaces.*’

An AFM topographical investigation was carried out
on a scratch at a load of 0.4 mN to assess the deformation
at the nanometer scale and the results are presented in
Fig. 5. The left insert in this figure represents a 3D
overview of the area where the profile was taken. The
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FIG. 4. Optical image of two scratches. The upper one is a representative scratch of our experiment whereas the lower one serves as scale reference
(100 pm). The upper scratch was performed by varying the load along its length from 0 to 2 mN. The first dislocations appear at around 0.98 mN. In
insert, SEM micrograph of the beginning of the dissolved scratch at the surface.

right insert is the corresponding bright field high resolu-
tion transmission electron microscopy (XTEM) image.
From the scratch profile, the scratching imprint (hole area)
and the pile-up located around the scratch are clearly
visible. Care must be taken with the unit as the Z-axis is in
nm, whereas the X-axis is in pm. Thus, the topography of
the sample can be considered as flat. The asymmetry of the
pile-up is certainly due to a small misalignment of the tip in
the scratching direction. The pile-up is more or less a quarter
of the scratch depth but extends up to three times the scratch
width. The scratch and pile-up areas were computed and were
found to be virtually identical with a value of 600 nm”. From
this observation, it can be concluded that the material
“removed” from the residual groove during scratching
groove is in fact moved outside the scratching groove for-
ming the pile-ups. The width of the deformed zone measured
with AFM was also compared to XTEM image (right insert
in Fig. 5), and very good agreement was found between both
techniques. From these results, it is observed that the main
part of the scratch area is filled with dislocations. On the
contrary, the pile-up is totally free of dislocations.

Figure 6 summarizes the indentations, scratching,
and pop-in results. The square markers ((J) represent the
number of dissolved indents counted from Fig. 2 versus
the applied load. Considering the 10 nm conservative limit
resolution of the SEM, the first visible indent appears at
I mN, and the number of indents is rising until 2.5 mN,
where all indents are observable. Between these two loads,
although their number increases with the load, the location
of their occurrence of the dissolved imprints has a clear
random behavior. Evidence of this is shown in Fig. 2 and
by comparing the results with the straight line linking the
points (0.75;0) and (2.5;5). Beyond 2.5 mN, a plateau is
reached and all indents performed above this load were
systematically dissolved. Only one indent is not dissolved
for reasons already mentioned. In Fig. 6, the crosses (+)
show the loads at which the first dissolved dislocations are
observed with the SEM in scratching. The transition area,
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FIG. 5. AFM profile of a scratch at a load of 0.4 mN (Z-axis in nm and X-
axis in pm); the left insert shows a three-dimensional AFM topographical
image of the scratch; the right insert is the corresponding bright field high
resolution transmission electron microscopy image.
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FIG. 6. Summary of the indentation and scratching experiments. The
square markers ([J) represent the number of indents counted versus the
load applied. The crosses (+) illustrate the loads at which the first
dislocations appeared during scratching tests. The symbols () stand for
the loads at which pop-in event occurred.
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for the scratching tests, ranges between 0.74 and 1.22 mN
with a mean value equal to 0.96 mN. This area is called
thereafter the transition scratch region. Finally, the symbols
(x), in Fig. 6, stand for the loads at which the pop-in event
occurred. This zone is thereafter called the transition pop-in
region with a mean value at 2.27 mN with the lower and
upper limits at 2 and 2.85 mN, respectively. A clear sepa-
ration between the transition scratch region and the transi-
tion pop-in region exists.

IV. DISCUSSION

Based on the literature, dislocation nucleation in nano-
indentation is related to either the initial impact,'®!” the
difference in doping leading to plastic deformation even
without pop-in and so random,'*'* the deformation
of the native oxide layer,15 or the pop-in event (related to
the density of native defects).”"* In this work, the first case
can be disregarded as the approach velocity is identical for all
indentation tests and no dislocations are generated up to a
load of 1 mN. The latter case is observed for tests conducted
at loads higher than 2 mN since all indents having a pop-in
the load—displacement curves were etched indicating that
dislocation nucleation had occurred. For indentation loads
between 1 and 1.75 mN, plastic deformation exists without
any pop-in event. Consequently, in this range of loads, the
authors believe that dislocation nucleation and propagation in
InP during nanoindentation are due to a combination of three
factors: first, the imperfect spherical loading conditions (there
is no perfect tip), then to the material anisotropy, and finally
to the InP doping (n ~ 3 x 10" to 8 x 10"® cm ™), which is
very similar to the work of Patriarche et al.'* (n ~ 10'® cm >
who also saw plastic deformation without pop-in event.
The SEM inserts in Fig. 2, obviously, supports this theory.
Actually, based on AFM image in Fig. 1, the loading
condition is expected to be spherical up to an indentation
depth of 40 nm for a load of 1.75 mN, whereas at higher
loads, the transition edge of the tip starts to play a role in
the stress field. It can be concluded that for loads from 1 to
1.75 mN, dislocation nucleations are due solely to the few
defects inside the materials, which are consistent with the
low frequency of plastic deformation. For loads higher than
1.75 mN, the line contact corresponding to the transition edge
of the tip following by a pseudospherical contact is becoming
more and more significant. Due to this improper loading
conditions, the first dislocations appear under the tip at lower
loads due to the line loading step compared to the one requ-
ired to nucleate dislocations in case of a perfect spherical
contact. This behavior is caused by high localized stresses
leading to stress concentration, which is well known in the
field of linear elastic fracture mechanics.*' Stress concentra-
tion may also come from surface inhomogeneities. For
instance, the surfaces are not perfectly plane as the roughness
of the InP wafers was approximately Rz ~ 2 nm. Dislocation
nucleation attributable to surface inhomogeneities will result

in a random behavior (dislocation will propagate in differ-
ent preferential direction). However, as all imprints below
1.75 mN in Fig. 2 have the same shape (a line along the [110]
direction) indicating that in our experiments surface inho-
mogeneities (or surface roughness) do not have a main
influence of the onset of plasticity.

In a perfectly spherical indentation, the deformation is
symmetrically accommodated by the specimen and the
indenter is supported uniformly over the contact area. On
the contrary, in a scratch deformation where a significant
amount of plastic deformation occurs, the indenter is only
fully supported by the specimen in the front or leading
part while the recovered material, behind the indenter,
partly supports the indenter in the rear half. The amount
of recovered material that will support the indenter
depends upon the nature of the material. For a perfectly
plastic material, there is no recovery after deformation,
and hence, there is no load supporting in the rear half of
the indenter surface. In contrast, for an elastic material,
there is partial support of the indenter in the trailing
zone.*** The type of material behavior during indentation
and scratching is described by the so-called rheological
factor X,***> which is defined by:

¥ - E - cot(0) , 2)
OYield

where E is the Young’s modulus, 0 is the indenter semi-
apex angle, and Gyjejq 1s the yield strength. The rheological
factor represents schematically the ratio between the defo-
rmation imposed by the indenter [€ ~ cot(6)] and the part of
the elastic deformation (¢, = GOvyjed/E). Using the highest
Young’s modulus Epjjq; = 113 GPa,*® 6 = 70.3°,19%
and Ovieq = 1.3 GPa,'* a maximum value of app-
roximately 40 is found. Knowing that for values close to
100, the deformation mechanisms are mainly plastic (close
to metal behavior), whereas for values close to 10, the
material behavior is mainly elastic,44’47 it can be concluded
that InP behavior lies between the elastic recovery and
plastic deformation. Hence, in contrast to indentation tests,
the transition edge, taking into account the scratching
direction (arrow 1 in Fig. 1), is located in the rear part of
the indenter and therefore its influence on the contact is less
important. Furthermore, no pop-in was observable for any
scratching tests performed on InP surfaces so that the load,
at which the first dissolved area is visible, is considered to
be responsible for the first dislocation nucleation and is used
for further calculations.

The striking result of this study, visible in Fig. 6, is the
important difference between the load needed to nucleate
the first dislocations in scratching (mean = 0.93 mN)
compared to the one in indentation (mean = 2.27 mN). To
explain this behavior, the stress field below the tip was
computed using the equation set written by Hanson and
Johnson.*>*! Hanson’s model allows the calculation of the
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TABLE 1. Comparison between indentation and scratching using the
Hanson’s model for the different tip radii measured.

Indentation, Scratching,
P=227mN, P =093 mN, Difference
Critical f=0 f=007 in(%)
shear stress, Radius

Max(tmax)(GPa)  (um) M () 3)
Plane XY (Z = 0) 24 1.25 1.30 3.8
Surface 2.7 1.15 1.22 5.7
Plane XZ (Y = 0) 2.4 2.73 2.04 25.3
Bulk 2.7 2.53 1.89 25.3

stress field of a static perfectly elastic spherical indentation
(or scratching) on an isotropic half-space. Hanson’s model
is valid until the limit between elasticity and plasticity is
reached. The dislocations nucleation and propagation are
known to be caused by the shear stresses in single-crystal
semiconductors.*® It is well known that, in diamond
structures, dislocations glide along the {111} equivalent
planes and the glide directions are <<110> leading to
a rosette arm patterns.g’14’29’32’36’49’5 ! The shear stress in
the {111} planes in anisotropic materials would be the
appropriate value to analyze for the dislocations nucle-
ation and propagation. Even if this case is covered by
Hanson’s equations, it appeared very difficult and time
consuming to implement. Therefore, it was decided, as a
good approximation, to consider the maximum shear stress
as the most suitable parameter to discuss the experimental
differences observed between the scratching and pop-in
tests. The maximum shear stress (T,.x) is defined by the
following equation:

(61 —-03) 3)

| =

Tmax =

where o and o3 are the maximum and minimum principal
stresses, respectively.’”

Figure 7 illustrates the distribution of maximum shear
stress at the surface for an indentation and for a scratch
experiment. The equations used consider the loads required
to nucleate systematically the first dislocations in InP wafer
containing no defect for a perfect tip radius. For computation,
the experimental values obtained above were used (2.4 pm
for tip radius based on AFM measurement, 2.27 mN for
the threshold in indentation, and 0.93 mN in scratching with
f=0.07). In Fig. 7, only the maximum shear stress is plotted
(i.e., not the surface deformation). The scale of maximum
shear stress is given on the right-side of each simulation in
gray scale (light gray and black colors are used for the
minimum and maximum values of T,,,y, respectively). The
scratching direction is indicated in Figs. 7(b) and 7(d) with
an arrow. Figures 7(a) and 7(b) show cross-sections in the
plane XZ (Y = 0) under the tip during indentation
and scratching, respectively. The maximum value of T,
also called the critical shear stress [Max(Tya)], 1S

obtained between 100 and 300 nm under the tip
[Max(t,.x) = 2.73 GPa] and reaches zero far away from
the indentation zone (>>1500 nm). The results in scratching
are similar to one in indentation, T, reached its maxi-
mum value between 100 and 300 nm below the tip
[Max(tn) = 2.04 GPa] [see Fig. 7(b)]. However, the
maximum value has been shifted to a few nanometers in
the scratching direction X. Figures 7(c) and 7(d) illustrate top
views in the plane XY (Z = 0) of 1., at the surface for ind-
entation and scratching, respectively. Inspection of Fig. 7(c)
indicates that the critical shear stress [Max(T,.) = 1.25 GPa]
lies along a circle line having a diameter of approximately
800 nm, which corresponds to the contact radius. The value at
the surface (1.25 GPa) is approximately half that inside
the bulk (2.73 GPa). During scratching, a value of
Max(t,,,x) = 1.18 GPa is obtained at the center of the scratch
but is located slightly behind the tip. This corresponds to the
decompression phase of the material during scratching, and
these results are consistent with the literature.”

Due to the uncertainties in the tip radius, calculations
were performed for the two different measured radii and
for the indentation and scratching process. The critical
shear stresses were extracted from the computations for
each case and are given in Table I. Columns (1) and
(2) summarized the results of Fig. 7 for the two tip radii
based on the experimental dataset presented earlier and
column (3) is the difference in percent of column (1) and
(2). It should be kept in mind that the loads used in the
calculations in indentation and in scratching are the loads
needed to nucleate systematically the first dislocations in
the InP semiconductor for the current tip radius. From
inspection of Table I, several interesting observations can
be made. First, for both processes, the critical shear stress
is higher in the plane XZ than in the plane XY. In other
words, the shear stress is always higher in the bulk than at
the surface. Second, the values of maximum shear stress in
indentation at 2.27 mN and in scratching at 0.93 mN are
the same within 6% at the surface (XY plane) for the two tip
radii. In contrast, in the bulk (XZ plane), the discrepancy
between indentation and scratching is approximately 25%
and is due to the friction at the surface during scratching.
These disparities in the critical shear stress [Max(Tyax)]
between indentation and scratching suggest that disloca-
tions are nucleated first at the surface and then extend to
the bulk, even though the shear stress inside the bulk is
higher. Actually, the load required to systematically
nucleate the first dislocations in scratching (0.93 mN) is
more than twice lower compared to the one in indenta-
tion (2.27 mN). These results are consistent with the
literature,'®'7-*2*5% and this behavior was explained via
stress concentration induced due to either tip imperfect-
ion or surface inhomogeneities or a combination between
them. %17 Then, based on the shear stress yield criterion,56
the relation between the yield stress in tension (Gvie1q) and
in shear (T,,y) 1S known to be Gyiqq = 2-Max(Tpax),
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FIG. 7. Distribution of the maximum shear stress (7,,,) inside the bulk and at the surface for an indentation (P = 2.27 mN) and a scratch (P = 0.93 mN;
f = 0.07). The scale of maximum shear stress is given on the right-side of each simulation in gray scale (light gray and black colors are used for the
minimum and maximum values of T, respectively). (a) indentation in the bulk, (b) scratch in the bulk, (c) indentation at the surface, and (d) scratch at the

surface.

leading to a yielding stress value of Gyjeiqg ~ 2.5 GPa at the
surface. This value is approximately twice higher than the
one determined by Patriarche et al. (Gyjeq = 1.3 GPa).!*
This difference can be easily explained by the fact that
Patriarche et al. evaluated the yield stress of InP in a fully
plastic regime. In such case, the material yields mainly due
to dislocations propagation and expansions and not to
dislocations nucleation. Noticeably, a step is created only
when the dislocation Burgers vector component along
loading axis is not null. Hence, when only one dislocation
nucleates at the surface, it obviously creates a step of at least
its Burgers vector. This process has a cost in surface energy
and leads to a higher value of the yielding value.**>” These
processes of dislocations nucleation and propagation were
also observed in stress—strain experiments of initially
dislocation-free single-crystal semiconductors. In these
traction tests, an upper and lower yield points were defined
and the phenomenon explained by the rapid multiplication

of low initial dislocation content at the point when the few
dislocations in the material can no longer sustain the
imposed strain rate.”8 Finally, the fact that dislocations
nucleate at the surface and then expand into the bulk gives
an explanation for the pop-in event in spherical indentations.
To start with, the surface is loaded until the critical shear
stress at the surface is reached due to stress concentrations
leading to high localized stresses (Tmax surface = Tmax bulk)
caused by the imperfect tip geometry and/or surface in-
homogeneities. Based on the results presented in Figs. 7(c)
and 7(d), yielding occurs due to dislocations nucleation
most probably at the contact radius. To end with, as the
shear stress inside the bulk is generally higher than at the
surface, after the dislocations nucleation at the surface, they
expand instantaneously and multiply until a stable size is
achieved. This rapid expansion leads to a sudden extension
of the indenter, the pop-in event, which is recorded in the
load—penetration curve of Fig. 3.
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V. CONCLUSIONS

The difference between indentation and scratching was
investigated in the case of a single crystalline InP semi-
conductor. The tip radius used in this work was accurately
characterized by two methods. An array of several indents
and scratches were electrochemically etched and compared
to evaluate the loads required to nucleate the first dislo-
cations. In indentation, the elastic—plastic transition could be
divided into two cases that are with or without pop-in events.
When no pop-in events were perceptible, dislocation nucle-
ations were found to be random and so were related to the
few defects inside the materials, the imperfect tip geometry,
and the material anisotropy. When pop-ins were visible in
the load—displacement curves, plastic deformations were
always observable and their respective pop-in loads were
determined. For the tip used in this work, the load needed to
generate systematically the first dislocations in indentation
(2.27 mN) is more then twice higher than the one required in
scratching (0.93 mN). The experimental values obtained
were implemented in an analytical model to determine the
maximum shear stress based on an elastic spherical Hertzian
contact. The model predicts different stress inside the bulk
material between indentation and scratching due to the
friction at the surface during scratching. The modeling
suggested also that dislocations nucleate at the wafer surface
and not inside the bulk. The nucleation of dislocations at the
surface is consistent with experimental observations, and
this behavior was explained via a combination of specific
conditions including the low density of native defects, the
imperfect spherical loading conditions, and the material
anisotropy. After nucleation, the dislocations propagate into
the bulk where the shear stress is higher. Finally, at loads
higher than 2 mN, the geometry of the imperfect tip starts to
play a role by inducing high localized stress field on the line
contact which can be related to the pop-in event.
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