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Conservative indentation flow throughout thin (011) InP foils
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Development of III-V semiconductor heterostructures
for optoelectronic applications has been limited, as
plastic relaxation deleteriously affects the performance
of the devices [1]. As the sizes of the structures decrease
progressively, the plasticity of thin films has to be taken
into account especially when considering temperatures
around 400-500 °C necessary for the devices fabrica-
tion. Indentation tools allow to test small volumes (for a
review refer to [1]), unfortunately nanoindentation at el-
evated temperature is very difficult to be performed [2]
and most studies were reported at intermediate temper-
atures [3]. Here, we performed microindentation tests
at 400 °C. Furthermore, contact mechanics was devel-
oped for semi-infinite isotropic half space [4]. It has
been shown that deviations to the ‘cavity’ model happen
when the size of the plastic zone becomes of the order
of one dimension of the object [3, 6]. In [6], we showed
that when thin foils of (011) InP were indented under in-
creasing loads, material flow innormal {111} slip planes
throughout the sample is detected while pile-ups pro-
gressively vanished at the indented surface. Here, we
report an optical interferential study on indented thin
foils of (011) InP, which permits a better understanding
of the plastic flow events (pile-up and back side defor-
mation) and demonstrates plastic flow conservation.
We used a Czochalski grown single crystal of
(011) InP, which was not intentionally doped (n ~10'6
cm > Hall effect measurement). One of the faces was
epiready, the other one was mechanically and chemi-
cally polished using a 1% bromine-methanol solution
in order to obtain a 250 pum thick sample with smooth
surfaces. The thinned sample was deformed by a Vick-
ers diamond pyramid at 400 °C in air atmosphere using
five different loads ranging from 0.4 to 2.9 N. For each
load the indentation test was repeated twice. The sam-
ple was set on a home-designed holder in which a 1.3
mm-wide trench was machined so that the bottom face
of the sample underneath the indent site was not in
contact with the holder. The load was applied for 60 s
on the sample before the indenter was raised. One side
of the indentation was aligned along the [011] direction,
the other one being aligned along the [100] orthogonal
direction. We used a white-light interferometer (Mi-
cromap 570 ATOS, Pfungstadt Germany) operating at
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580 nm to obtain quantitative images of the surface to-
pography of the indentation sites and of the opposite
bottom surface.

Fig. 1 shows the surface topography of the indented
side (Fig. 1a) and of the back side (Fig. 1b) obtained un-
der the highest load used for this study (2.9 N). These to-
pographical images can be usefully compared to obser-
vations made by optical microscopy and in the cathodo-
luminescent mode of the scanning electron microscope
(Figs 2 and 3 in [3], respectively). Interferometry pro-
vides 2-dimensional (2D) topography of the plastically
deformed zones and allows precise determining of the
deformed volumes as discussed below.

On the topographic images obtained at the indented
surface, we can observe the mark of the indentation that
corresponds to levels below the original surface while
pile-ups observed around the indent site correspond to
levels above the original surface. As discussed below,
under large loads pile-ups progressively vanish, how-
ever 2D optical interferometry allows detection of them
even under the highest loads used here (2.9 N). In order
to image the pile-ups, the resolution and the scale have
been choosen accordingly. As a result, the indentation
center is not properly resolved in the Fig. 1a. In fact
the indentation center was detected at —11.5 um be-
low the original surface. This saturated scale permits
enhancement of the contrast because of slight differ-
ences in height and detection under a 2.9 N load of four
different pile-ups in a twofold symmetry. Along both
(100) directions, two pile-ups form a V-shaped zone
with an angular aperture of about 70 °. Interestingly,
only one V-shaped zone (along [100]) was observed
on GaAs (011) surfaces indented at elevated tempera-
ture [7]. Pile-ups reveal reverse flow of matter in {111}
planes inclined to the indented surface. At the [100]
side they correspond to glide in (111)B planes while
at the [100] side they correspond to gliding in (111)A
planes. Hence, the anisotropy observed in GaAs may
be attributed to the stronger polar character of GaAs
as compared to InP. In fact, the difference in mobil-
ity between « and 8 dislocations is more important in
GaAs than in InP [8]. It should be noted that a slight
anisotropy is detected in InP, as pile-ups at the [100]
side are less pronounced than at the [100] side.
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Figure 1 White-light interferometer topographic images of a specimen
deformed at 400 °C under 2.9 N. (a) Indented surface showing the in-
dentation mark and pile-ups around the indent site. Note the twofold
symmetry. (b) Back surface showing a diamond-shaped deformed area
delimited by the emergence of {111} planes normal to the surface.
In Fig. 1a, we fixed the lowest level at —5.4 pm so that the inden-
tation center level is arbitrary (it is —11.5 um below the original
surface).
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Figure 2 Vickers mark, pile-ups and back-side deformed volumes (V;,

Vp» Vp respectively) as a function of the applied load. V,, + V} is found
to be equal to V; within the uncertainty.
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Observation of the back side of the sample showed
a twofold symmetric plastically deformed zone. The
plastic deformation is detected in an area that is
diamond-shaped with sides parallel to the (211) direc-
tions. These directions correspond to the emergence of
{111} planes normal to the (011) back surface. As dis-
cussed in more detail below, such deformation can be
described by a punching mechanism on the basis of the
development of dislocations loops with Burgers vector
parallel to the [011] direction.

In the following we used 2D profilometry data to
determine the plastically deformed volumes at the in-
dented side and at the back side. A routine was devel-
oped to collect the height matrix #(x, y) defined at the
sample positions (x, y) and to sum all elementary vol-
umes. Thus, we obtained the volume of the pile-ups
V,, that corresponds to the reverse flow of matter at the
indented surface and the plastically deformed volume
at the back side V;, that was punched throughout the
sample.

Vo= hp(x,y)8x 8y (1)
Vo= hy(x,y)8x 8y )

where 3x4y is the elementary specimen area (corre-
sponding to one pixel in the image). Because of the
large depth of the indentation marks, it is not possi-
ble to use the same method to determine precisely the
volume of the marks. Alternatively, we measured the
average diagonal size D by optical microscopy and
the volume of the mark V; is

Vi =1/6 D* h, 3)

where £, is the residual depth of the Vickers mark. In
the following, we neglected the elastic recovery of the
Vickers mark [2, 9] and took for 4, the contact depth
value h. that is geometrically determined as

he = D/7 )

Fig. 3 plots the three different volumes (V;, V;,, V;,) as
a function of the applied load. When load is increased,
‘material transfer’ to the back side, which can be de-
fined as V,/V;, increases progressively. It can be con-
cluded that plastic flow throughout the specimens be-
comes dominant. Furthermore, as shown in Fig. 3, the
volume of the indentation mark is determined to be al-
most equal to the sum of the pile-ups volume and the
back-side deformed volume showing that indentation
plastic flow is conservative.

Interestingly, this experimental result has no depen-
dence on the applied load. Hence Equation 5 is valid
whether the sample can be considered as infinite (V;, ~
0) or as finite (Vp > 0). Equation 5 implies that when
the punching mechanism occurs (V,, > 0), the pile-ups
first diminish and finally disappear and that both events
are related. Following the plastic-flow model proposed



in [3, 4], dislocations with Burgers vector parallel to
the loading direction (b = a/2[011]) do not reach the
back surface under the lowest loads used here. Decom-
position and deviation of these dislocations into dis-
locations gliding in {111} inclined slip planes lead to
the pile-up formations observed around the indent site
as suggested originally for the (111)B plane under a
GaAs (011) surface [6]. Under larger loads, disloca-
tion loops with Burgers vector normal to the surface (b
= a/2[011]) reach the back surface. The deviated flow
tends to vanish and the material transfer’ in {111} slip
planes normal to the surface becomes more and more
pronounced. It is well known that indentation of a semi-
infinite half space generates a plastic zone whose radius
is 2-3 times the half of the diagonal c~ (2-3) - D/2 [4,
10, 11]. Under a load of 1.9 N (onset of ‘material trans-
fer’), the diagonal is D = 67 pum, so that the radius of the
plastic zone in a semi-infinite sample would range be-
tween 67 and 101 pm, respectively. These plastic-zone
extensions are of the same magnitude as the thickness
of the sample (e =250 um), c¢/e ratio being determined
between 0.3 and 0.4. Therefore, it can be concluded that
for a ¢ /e ratio over 30-40% (c from infinite half-space
indentation mechanics), the onset of punching through-
out the specimens should be detected.

In conclusion, InP (011) thin foils were indented
at elevated temperature (400 °C). Contact behavior is
changed drastically when one of the dimensions of the
object (here the thickness) is of the same magnitude
as the plastic-zone dimension. The changes in plastic
flow due to the finite thickness of the samples were
studied quantitatively using optical interferometry. We

showed that plastic flow is conservative whether the
specimens can or cannot be considered as semi-infinite.
Furthermore, the conservation flow equation obtained
experimentally (Equation 5) implies that when punch-
ing throughout the sample happens, piles ups necessar-
ily vanish and that both events are related.
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