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Abstract. Microelectronic processing to fabricate electronic devices on Si has been extensively studied and well
characterized forseveral decades. This type of processing has been extrapolated for the fabrication of devices on
other semiconducting materials such as Group lll-Vs, SiGe and SiC. However, the structural damage and its
functional implication are still not fully understood for sensitive materials like InP. The present work investigates
the lattice strain induced by the ICP (inductively coupled plasma) dry etching process on InP stripes fabricated
after masking the stripes with PECVD (plasma enhanced chemical vapor deposition) grown SiNx. HR-STEM (high
resolution scanning transmission microscopy) observations allowed to deduce the strain at different location in
the fabricated stripes. Local strains in the range of 10 are observed which should strongly modify the material

carrier behaviour.

Introduction. Plasma etching is widely used today in the fabrication process of nanotechnology platforms, both
in research, development and production, for the manufacturing of a large number of components and
integrated circuits. It is used for most the known semiconducting materials, from Si to IlI-Vs and even for more
“exotic” semiconductors such as diamond or Ga;0s. A good example of a family of such components are
photonic devices that can be manufactured using InP. An noted disadvantage of plasma etching is the possible
structural and chemical damage in the vicinity of the etched surfaces as well as the introduction of lattice stress
and strain [1]. It is known that the mechanical stress in semiconductors alters the electrical and optical
properties of the materials as a result of the bandgap modifications [2]. Indeed, small atomic-position variations
and stress in the lattice bonds change the semiconductor carrier dynamics. It results in device parameters, such
as the emission or absorption wavelength of a laser or detector, spectral output, current threshold, differential
gain, polarization state of the output of a laser, waveguide and laser guide properties, being strongly modified.

Therefore, methods to measure the material’s stress in semiconductors have been reported in the literature.
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Measurements of uniaxial or biaxial strain in material by using photoluminescence (PL) spectroscopy [3,4].
Raman spectroscopy [5-7], transmission electron microscopy through dislocation characterisation [8—10], X-Ray
diffraction [11,12], cathodoluminescence (CL) [1,13,14], using even polarized CL have been reported. However,
these techniques employ indirect methods to determine strain and, in general, have low spatial resolution
compared to the requirements of recent device technology processing. Micro- and nano-technology processing
of components such as photonic waveguides on InP involve several steps, which can introduce significant crystal

strain in, or close to, the active areas. In particular, dielectric stripes at the surface, obtained after PECVD of SiNy
or SiOy thin films at moderate temperatures followed by lithography and etching generate mechanical stress

which have been extensively described through the well-known edge force model [15]. Recently, detailed

measurements have been published for the SiNy/InP system, using PL and CL [1,13]. In these studies,
information on the local crystal strain around SiNy stripes is deduced from both the spectral shift of the

luminescence lines and from measurement of the degree of polarization of the luminescence emission.

The present contribution brings additional data on this important technological question from high-resolution
scanning transmission microscopy (HR-STEM) using procedures, which have been proposed for the analysis of
strain at the nanoscale level [16-21]. Very local evaluation of the strain is carried out in a region of
nanometerextension. Such strain may affect surface carrier behaviour as for example the channel of MOSFETSs.
The studied sample consists in silicon nitride stripes, deposited on an InP substrate where ICP etching is carried

out after SiNy stripe deposition.

Experimental technique. The samples for this study are etched in bulk InP (100) wafers (n-type, S-doped,
n=1.8x10® cm-3) on which a 500 nm thick SiNx hard mask layer is realized by PECVD. The etched features are
rectangular-shaped lines, having lateral dimension L = 0.5, 1, 6, 10 and 20 um, and aligned along the (110)
direction of InP. These lines can be isolated, or grouped in series where the spacing between linesis $=0.5, 1, 2,
3, 6 or 10 um. After resist deposition, e-beam lithography, opening of this mask layer forming stripes (using a
CF4/CH,F,/Ar plasma) and stripping of resist (using an O, plasma), the SiNy patterns are transferred into the InP
substrate. This is done with a CH4/Cl,/Ar plasma operated in an ICP reactor equipped with a hot cathode. During
this step the samples are heated to a temperature of 200 °C. The etch rate under the conditions of this study is
approximately 900 nm/min. After etching, the SiNy hard mask and the passivation layers formed on the InP
sidewalls are removed by a dual step cleaning procedure using O, plasma followed by 49% HF dip. Thus, the
lattice strain revealed in the present contribution results from both technological steps: SiN mask
deposition/removal and the effect of the ICP dry etching. Cross-sectional TEM lamellas were prepared by focus

ion beam (FIB) and for the strain analysis a FEI TITAN3 Themis 60-300 microscope, in HR-STEM mode, was used.
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The quantitative strain analysis in HR-STEM images is acquired at the [110] zone axis by using geometrical phase
analysis (GPA) [16-23]. The lasts steps of the FIB procedure lamella thinning were carried out at 1kV ion beam
accelerated voltage to avoid a possible generation of Ga implantation strain artefacts [24], that can occur above

5kV beam voltage.

Results. Figure 1 shows the region of interest selected for this study. Four micrographs, one HAADF (high angle
annular dark field) image and three EDS (electron dispersive spectroscopy) maps, are presented of a 1 um wide
stripe from the InP crystal. In- and P-mapping show the InP cross-sectional profile of the stripe. The Pt
distribution corresponds to the deposition carried out in the FIB-dual beam to protect the InP stripe structure.
The thickness of this Pt deposition is between 1-2um before extracting and thinning the lamella in the lift-off FIB
procedure. Once the lamella is thinned down to 100-150nm (in the present case), variations in this Pt layer are
observed in the range of 0-500nm. From location to location, no strain variations are observed indicating that
the Pt layer does not modify the lattice strain state of the InP. In the HAADF micrograph, we also show the
locations where the high resolution STEM (HR-STEM) analysis were performed to deduce the lattice strain at
different positions. The black square below the number 8 indicates the location where the reference has been

taken.
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Fig.1: STEM-HAADF and EDS micrographs of the studied stripe. The locations where the strain is examined are
indicated in the HAADF micrograph. The EDS mapping shows the In, P and Pt chemical distributions. The latter

has been deposited during the FIB-dual beam sample preparation to protect the stripe.

During the acquisition of a STEM image there are different scanning distortions. The most important source of
error in the measurement of the distortion, comes from the displacement of the beam during scanning. That is,
when the beam reaches the end of the i-line, (xend, ¥i) it should then start at the beginning of the next i""+1-line

(%0, Yi+1)- This error in the return of the beam is essentially 1-D, and thus can be eliminated by choosing a



scanning direction parallel to the direction in which the deformation is to be studied [17-19,21], making it
possible to obtain highly accurate GPA deformation maps. Therefore, in order to reduce such scanning artefacts,
we followed the same experimental approach, i.e. for each studied region, two micrographs perpendicular to
each other are recorded. To reduce the effects of drift, sufficient time was allowed to pass between finding a
suitable position for the analysis and acquisition of the micrograph. Additionally, the acquisition time was
limited to 2s, thus limiting contributions due to the drift. After minimizing the drift in the sample, we acquired
pairs of micrographs, perpendicular to each other, in each area of study, aligning the scan with the direction of
growth, which we have named parallel (//), and perpendicular (L) to the growth plane. Figure 2 shows an
example of two STEM images perpendicular to each other, acquired in the area taken as reference and the
deformation maps extracted from each of them, using GPA. For the choice of the reference vectors g, and g,
(inset figure 2a), which will be used for the comparison of the displacements, a rectangular area has been
chosen at the bottom of the image. In figure 2c and 2e artefacts due to the scanning are revealed (see arrows),
which indicates that those observations must be discarded and keeping only those collinear to the scanning
direction, i.e. the & and &,,,, for the // and L, respectively. Normally, this type of analysis is carried out near
interfaces or areas where there are changes in composition or crystallinity, and the reference area for choosing
the vectors g, and g,, are within the image one want to analyse. However, because of the significant distance
between one region and another in the present study, a different procedure should be here applied. The
reference vectors g, and g,used in the GPA are carried out from the area labelled here “reference” area (see
figure 1), located far from the stripe (>2um far in the direction of the substrate), where the effects of the
lithography processes are below the strain noise. This allows us to estimate the strain variations in the different
study areas (numbers 1 to 9) that are far from each other. The calculation of the strain at each point in the

micrographs is given by:

__ Qin—Qjref
gexp,i,n - Qi ref (1)

where i refers to the L or // direction with respect to the plane surface, n to the region where the strain is
estimated (number 1 to 9), a;,to the L or // lattice parameter in the region n, a;,.r to the one of the

reference region and &,y ; , to the estimated strain L or // to the surface plane and in the region n.



€, Growth plane ! €,, Growth direction

H ]
|
b) ‘:.‘C) i
o ]
r i \
L2 :
© @ !
c3 o
n"-of, - |
C 3 |
E o i ;
RG] | Scaning
A : artefacts
5 nm | 2.nm
]
e~

|

)

i

)

)

)

i

| 0.06
a .

)

| -

i '

| o || ®.0.06

Fig.2: HRSTEM images with scanning // and L to growth plane (a) and (d), respectively. The maps (b) and (f)

\

Scaning
artefacts

Scanning perpendicular
to Growth plane

I— —__— 1

corresponds strain maps &y, and &y, , while the maps (c) and (e) are those that should be discarded because

the scanning direction is parallel to that of the strain determination, scanning artefacts are clearly observed (see
black arrows). The inset in (c) is a scheme of cross-sectional view of FIB lamella axis election. The inset in (a)

show the FFT pattern of the image and the localization of vector g; and g,for strain analysis.

In Fig.3, an example of the strain mapping, recorded on the region 6 is shown. From the atomic displacement
recorded in two HAADF micrographs of the same region, acquired at 0 and 90 degrees to the direction of
growth, in order to scan the areas parallel to the strain that is to be measured, &« and &,y are recorded in Figs.3b
and 3c respectively. Fig.3b has more regions where the average strain is positive and is measured to be 222 x 10"
®> while Fig.3c has an average strain that is negative and was found to be -164 x 107. Focusing the attention to
the strain observed in the reference zone, one can notice the presence of a non-zero strain (Table I).. To
measure these fluctuations, which will indicate the accuracy of the measurement, a small region of image has
been taken where no noticeable fluctuations were observed. This sub-region was used to determine the average
strain in the reference region, and the value shown in the Table | (reference) is the average strain of all image. At
this point it should be noted that a;,..; in equation one refers to a; for the sub region in the reference area.

Therefore, the value reported in table | for the reference micrograph give the method accuracy (+ 5 x 1073).



The latter depends strongly on the stability of the sample below the e-beam. If no drift, no charging effects and
resistance to the high energetic incident electron bombardment of the e-beam occur, then larger integration
times could be used and lower noise levels can be obtained. Here, the scanning acquisition used an estimated

convergence angle of 16 mrad using a camera length of 46 mm. However, these are sufficient to detect

important strain variations induced by the SiNy deposition and the ICP process.

Fig.3: (a) HR-STEM micrograph in location 6, where strain evaluation has been carried out, (b) and (c) Strain
distribution obtained by the atomic displacement recorded in HR-STEM micrographs scanned parallel to the

strain evaluation direction.

Fig.4 shows the general tendency of the strain at different locations. The black arrows indicate if the strain is
compressive (=€) or tensile (€—2) in both x and y directions. In the lateral locations as in regions 4, 6, 7, 9, &y
is compressive while g4« is tensile. The results are consistent between the four locations. At the edges as in
locations 1 and 3, gy is tensile while &« is compressive. This is also consistent in both locations. In the middle of
the stripe (location 5), between locations 4 and 6, the vertical trend is similar to what is observed on the sides
but with lower values. Lowering the location towards the “bulk” material as location 8, the strain appears lower
below the accuracy of the method, i.e. as low as the reference one. Note that at the location 1, & is the inverse
to that of both location 2 and 3 (see arrow in Fig. 4). However, the values are very low (see table I) and in the
expected experimental noise [-60 x 10, +60 x 107, i.e. 10 range) even though the accuracy of the technique is
much better (10° range). Indeed, the location where the micrograph is recorded is not rigorously symmetric
between position 1&3 as the latter is closer to the centre (position 2) of the stripe than the position 1. Such little
variation can also affect the deduced strains values. It is impressive that strain value as high as several 103 is
observed. It is worth noting that the critical thickness determined by Matthews and Blakeslee (mechanical
equilibrium) where plastic strain begins is below 100nm for such strain values. Obviously, this surface elastic

strain is a surface effect and its value diminishes deeper into the material probably as a result of the surface
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bend. However, the carrier dynamic could be strongly affected by such values of strain.

t t t
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Fig.4: Strain tendency inside the ICP fabricated InP stripe. Surface strain is evidenced (see table | data).

TABLE I: Strain values obtained in the different locations indicated in Fig.4

Region exx/107° £y/10°

1 60 32
2 -60 361
3 -22 258
4 171 -71
5 48 -66
6 222 -164
7 179 -83
8 8 3
9 157 -60

reference -5 -2

The possible origins for the local crystal deformation evidenced in this work are diverse. A first possibility is the
fact that the SiNy stripe which is used as the hard mask layer for ICP etching of the InP is itself highly strained,
due to the difference in the thermal expansion coefficient of SiNy compared to that of InP (the temperature at
which the PECVD process is carried for this layer is typically 250 °C) and to the intrinsic stress generated by ion
bombardment during PECVD. However, as mentioned, this SiNy hard mask stripe has been removed prior to the
HR-STEM measurements. In addition, separate micro-PL and CL experiments with InP stripes obtained with SiNy
hard mask layer grown under different built-in stress conditions (both compressive and tensile) indicate that the
state of crystal deformation observed in the final InP stripe — after SiN«x removal — does not change with the
nature of the built-in stress in the dielectric layer used as the hard mask for etching. In other words, there does

not seem to be a “history effect” related to built-in stress in the hard mask dielectric layer.



A second possibility that could explain the residual crystal strain observed here is related to some penetration of
atoms / ions / molecules active during the ICP plasma etching process into the InP crystal. Note that the sample
temperature during the ICP etching is too low for classical atomic diffusion inside the InP material. However, as
previously reported indicate, for the etching of GaAs or InP, channelling or high energetic ion scattering
penetration can take place [25,26]. In the present case, the dominant species in the ICP plasma, probably atomic
Cl or CI, penetrate into the InP material. This second possibility is more likely to explain our results. As a general
observation, the deeper the ICP etching is, the larger is the strain difference detected either by HRSTEM or by CL
and micro-PL experiments. These observations tend to confirm that ICP-related ion implantations is responsible
of the induced strain observed. The details of the mechanism leading to the spatial variation of the strain (as
evidenced in the present study) still remains to be proposed and established quantitatively. This will be the topic
for future work, which will include finite element simulations of local crystal deformation under the presence of

inhomogeneous concentration of such foreign species in InP after etching features like stripes.

Conclusion. Subsurface local elastic strain has been evaluated by HR-STEM on ICP fabricated stripes using
geometrical phase analysis (GPA) method. Consistent results are obtained all along the analysed surface. A
compressive lattice strain is revealed parallel to the surface with an extensive strain perpendicular to the
surface, the strain perpendicular to the surface was much greater than the strain parallel to the surface (factor
3-6). In the present case, the temperature of the sample during ICP etching is too low for classical diffusion in
the InP. Therefore, the observed behaviour is tentatively explained by the implantation of ICP-related ions of the
dominant species in the ICP used plasma (Cl or Cl-). Strain values in the range of some percent are deduced
which highlights the importance of evaluating such effects on each lithographic approach when designing device

architectures.
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