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Strain mapping inside an individual processed vertical
nanowire transistor using scanning X-ray nanodiffraction

Scanning X-ray nanodiffraction has been successfully
applied to directly map a strain field inside a realistic
nanowire transistor embedded in device processing
layers. The tensile strain induced by the W gate has been
revealed in a p-type GaSb segment of the heterostructure.
Strain directly influences the charge carrier mobility in
semiconductors, therefore the combination of the 4th
generation synchrotron source and nanofocused X-ray
beams pave the way towards precise engineering of
nanoscale electronics with desired properties.
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Semiconductor nanowires in wrapped, gate-all-around transistor geometry are highly favorable for future
electronics. The advanced nanodevice processing results in strain due to the deposited dielectric and
metal layers surrounding the nanowires, significantly affecting their performance. Therefore, non-destruc-
tive nanoscale characterization of complete devices is of utmost importance due to the small feature
sizes and three-dimensional buried structure. Direct strain mapping inside heterostructured GaSb-InAs
nanowire tunnel field-effect transistor embedded in dielectric HfO,, W metal gate layers, and an organic
spacer is performed using fast scanning X-ray nanodiffraction. The effect of 10 nm W gate on a single
embedded nanowire with segment diameters down to 40 nm is retrieved. The tensile strain values reach
0.26% in the p-type GaSb segment of the transistor. Supported by the finite element method simulation,

Received 20th March 2020, we establish a connection between the Ar pressure used during the W layer deposition and the nanowire
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strain state. Thus, we can benchmark our models for further improvements in device engineering. Our
study indicates, how the significant increase in X-ray brightness at 4th generation synchrotron, makes
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1. Introduction

Three-dimensional (3D) transistor architectures consisting of
stacked nanosheets and nanowires (NWs) as well as vertically
arranged NWs are currently introduced into the coming tran-
sistor nodes and they are expected to extend beyond 2030. The
development of non-destructive characterization techniques
will allow 3D mapping of the device structures potentially
directly on the wafers. Synchrotron-based X-ray diffraction
(XRD) techniques are particularly suited for this task thanks to
the high penetration depth and a new type of high brilliance
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high-throughput measurements on realistic hanoelectronic devices viable.

light sources with focused beams. However the techniques still
need further development with verification of the capability in
complex device structures.

Non-destructive imaging of complete nanoelectronic
devices is currently a significant challenge due to ever-shrink-
ing feature sizes and increasingly complex 3D architectures.
The advanced processing used to produce nanoscale com-
ponents alters their structure and properties; thus the final
device must be analyzed. Strain induced in the semiconductor
nanostructures by the surrounding contacts, isolators, and
gates affects crucial properties such as charge carrier
mobility,"”” and even surface and interface states.® Although
strain modeling is possible, it is necessary to experimentally
verify the distributions qualitatively and quantitatively, as
devices become smaller and more complex. Methods such as
Transmission Electron Microscopy (TEM),*® Raman spec-
troscopy,” and photoluminescence® can infer strain either
directly or indirectly with reasonable precision. However, as
the techniques are limited by the penetration depth of elec-
trons and visible light, either unprocessed structures or dama-
ging sample preparation has to be involved, which will signifi-
cantly alter the strain. On the other hand, hard X-rays with
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their high penetration depth and strain sensitivity of 107
make them a perfect tool for non-destructive studies of fully
processed, complete devices.” 3D imaging of the morphology
of integrated circuits was demonstrated in a spectacular
fashion recently,'® although these measurements did not
access strain fields in the components.

Vertical III/V NWs are attractive for transistor applications
since they allow for lattice - mismatched axial hetero-
structures,'’ integration on low-cost Si substrates,'* and gate -
all - around geometry that provides improved electrostatic pro-
perties and enables aggressive gate length scaling for better
performance.’® Recently, scaled vertical GaSb NW metal-
oxide-semiconductor field-effect transistor (MOSFETSs) on Si
substrates have been demonstrated.'* New types of nanoelec-
tronic devices such as tunnel field-effect transistors (TFETS)
can have properties beyond the theoretical limit of classical
components.”>” However, the performance needs to be
further improved to be competitive with existing solutions.
Introducing strain to embedded NWs is crucial for improve-
ment of their charge carrier mobility. One approach investi-
gated here is to exploit stressed W film, used as the gate elec-
trode to improve the hole mobility in GaSb.'® The state of the
film can be controlled by the conditions used during sputter
deposition, with increased tensile stress at lower Ar pressures.
In turn, the W layer induces the strain in GaSb NWs which has
to be benchmarked in non-destructive and efficient manner.

X-ray based strain measurements inside processed devices
have been performed on ensembles of NWs'® and thin film
structures.”® Scanning X-ray Bragg diffraction with nanofo-
cused beams®'™>* is a powerful approach for local investigation
of defects, strain and tilts in as-grown NWs from various
materials and configurations.>* >’ The technique has been
applied to a number of systems, including free-standing
NWs?®? and embedded quantum dots.>®> However, strain
mapping of a single processed semiconductor nanostructure
within a complex system such as vertical gate-all-around III-V
NWs well under 100 nm in diameter is still lacking. In
addition, the measurements have usually been time consum-
ing taking up to several hours for a nanowire,**® which limits
the usefulness of the technique. The 4th generation synchro-
trons, of which MAX 1V is the first,?” yield significantly higher
brightness and coherence flux compared to previous gener-
ations, which can potentially improve on both sensitivity and
measurement times.

In this work we investigate an individual InAs-GaSb NW, 40
to 70 nm in diameter, embedded in a p-MOS device, processed
using the standard procedure for obtaining record breaking
TFET devices of similar configuration.'” The real-space map of
strain induced by W gate deposition obtained with scanning
X-ray nanodiffraction. We demonstrate how the combination
of extremely high photon flux in the beam focused down to
50 nm (ref. 38) at the 4th generation synchrotron MAX IV and
lamella preparation approach allows for fast (less than one
hour) characterization of the embedded NW. As a result, we
show that in the case of NW geometry, the p-type GaSb
segment of the transistor has a tensile strain of 0.26% with
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respect to n-type InAs segment caused by W gate deposition at
2.6 mTorr Ar pressure. The experimental results are supported
by Finite Element Method (FEM) simulations of the system.
Modeling gives the —3.1 GPa of stress induced in the gate
material, which is in perfect agreement with values obtained
from ex situ thin film measurements. Thus, we can validate
FEM modeling for these type of devices and the incorporation
of data from thin film studies. Our results are an important
step showing that synchrotron-based XRD-techniques can be
applied to complex III-V NW 3D device structures with a deter-
mination of inherent strain fields.

2. Sample

Heterostructured InAs-GaSb NWs (see Fig. 1a) were grown at
the NanoLund laboratory (Lund, Sweden) using metalorganic
vapor phase epitaxy (MOVPE). The resulting diameters of
150 nm long wurtzite (WZ) InAs and 300 nm long Zinc-Blende
(zB) GaSb segments were 40 nm and 70 nm respectively. After
the growth, a 30 nm W film was sputtered at an Ar pressure of
2.6 mTorr, resulting in a 10 nm-thick film on the NW side-
walls. The metal on top of the NWs was then removed using a
resist etch-back process. A low-k organic spacer (S1800) was
finally used to protect and mechanically support the NWs. All
of these deposition and processing conditions correspond to
those used for vertical MOSFET fabrication where the high-k/
W stack is used as the gate structure.

The next step in the sample preparation was to cut a
lamella containing a line of 22 NWs out of a larger array using
a focused ion beam (FIB) (see Fig. 1b) (for details see ESIT).
Prior to the ion milling with the FIB, the desired array
segment was protected with a Pt layer, which acts as a top
contact instead of Ni, W, or Au used in actual TFETs. For
sample protection, the milled lamella was passivated with
30 nm of Al,O; deposited by atomic layer deposition (ALD) (for
more details see the ESI{). It is important to mention that the
W and Pt metal layers are not single crystalline and do not con-
tribute to the Bragg intensity in the vicinity of the InAs/GaSb
reflections analyzed in this work.

3. Experimental setup

The X-ray measurements were performed at the nanoprobe
end-station NanoMAX®® at the MAX IV synchrotron radiation
facility in Lund, Sweden. The photon energy of the X-ray beam
was 15 keV. It was focused by a pair of Kirkpatrick-Baez
mirrors down to 56 x 53 nm” (for wavefront characterization
see ESIt). A sample stage with translation and rotation motors
was used to perform scanning measurements. During the
measurement X-ray fluorescence, small-angle scattering, and
Bragg diffraction were recorded at the same time.

A schematic of the experiment on a selected NW device is
shown in Fig. 1c. The lamella was mounted on a scanning
stage vertically, providing horizontal orientation of the NWs

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr02260h

Open Access Article. Published on 12 June 2020. Downloaded on 12/5/2025 2:38:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

GaSb
segment

GaSb
coated with
10nm of W
InAs
segment
coated with
10nm of W

500 nm

B

(Single nanowires l Pt top contact

“== " nAs substrate
Si substrate

X-ray beam

View Article Online

Paper

Forward
scattering

Bragg scattering

_ 111/0002

X-ray fluorescence detector

Fig. 1 Scanning electron microscopy (SEM) images of the sample in the top view before deposition of the spacer and top-contact (a) and in the
prepared lamella (b). (c) Schematic setup of the experiment. The vertically aligned lamella with the row of embedded NW devices is scanned with
the nanofocused beam along x- and y-axes by step and fly-scans. The rocking curve scans were performed by rotating the lamella around the y-axis

by 6¢ = 0.1°.

and access to 111/0002 Bragg reflections. It is worth mention-
ing that the lamella allows the measurement of various Bragg
reflections, which is favorable for full strain tensor characteriz-
ation. The region of the devices between the InAs substrate
and the top Pt contact was located by X-ray fluorescence
mapping (see Fig. 2a). Notably, even on this overview map
single NWs are visible in the gap between InAs substrate and
Pt top-metal layer. Single NW devices were located within the
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Fig. 2 Map of the full-spectrum of X-ray fluorescence from the lamella
(a) and forward small-angle scattering (b) with clearly resolved NW posi-
tions as higher intensity lines in the gap filled with the organic spacer.
The splitting of the intensity at each NW position in (b) originates from
scattering signal coming from the edges of the NWs. The area in (a) indi-
cated by the dashed box is the region of interest mapped in (b).

This journal is © The Royal Society of Chemistry 2020

lamella by mapping a small angle X-ray scattering (SAXS)
signal in the vicinity of the direct beam (see Fig. 2b and ESIt).
Next, a single NW was located and aligned with respect to the
beam and the y rotation axis using the Bragg diffraction signal
from the InAs and GaSb segments of the NWs. The diffraction
mapping scan was performed with the detector positioned 1 m
downstream from the sample in Bragg condition corres-
ponding to the 111 GaSb Bragg peak with twice the Bragg
angle of 20 = 13.5°. A series of 2D scans were performed for a
set of angular positions ¢ of the sample in the range of +0.2°
with 0.1° increment (see ESIf for details). At each rotational
step of the rocking curve, an area of 500 x 200 nm” around a
single NW was scanned in the xy plane with fly- and step-scan
mode,*® resulting in a rectangular raster grid with 20 nm step
size. During the scan the piezo-stages are moving at constant
speed while triggering the detector to record diffraction pat-
terns. This eliminates the dead time of the motors allowing for
faster scans. Thanks to this, the relevant strain information
can be accessed in less than one hour. The exposure time per
pattern was 1 s with an incident flux of 10'® photons per s. As
a result, the total measurement time for a single NW area was
45 min. The spatial resolution of the maps is limited by the
beam size, and therefore not exceeding 50 nm. The application
of coherent imaging techniques such as Bragg ptychography
can yield even higher resolution images and strain profiles in
2D and 3D.>”*>*" However, these techniques require substan-
tial improvements in temporal and spatial stability of the
beamline setup and sample. On the other hand, scanning
microscopy as demonstrated here provides direct information
and can be performed faster which is of advantage for X-ray
sensitive samples.

Nanoscale, 2020, 12, 14487-14493 | 14489
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4. Results and discussion

Three distinct Bragg peaks were observed, which originated
from the InAs substrate and InAs-GaSb segments of the NW
(see Fig. 1c and ESIY). First a 2D region of interest (ROI) was
selected around the Bragg peaks from the NW, excluding the
one from the substrate (for ROIs definition see ESIt). The
spatial distribution of lattice constants in the NW was revealed
by mapping the integrated diffraction intensities within the
ROI at each point of the raster scan. Every 2D map was cor-
rected for positional drift at each angular position ¢. The cor-
rection was based on the integrated intensity maps, taking
into account the dimensions and the shape of the NW known
from SEM studies.

At each position of the drift-corrected raster scan, the diffr-
action patterns along the rocking curve were interpolated onto
an orthogonal wave-transfer vector Q-space coordinate system,
where Q = k¢ — k; is a difference between incident k; and diffr-
acted k¢ wave vectors.*? This coordinate system is associated
with the sample reciprocal lattice vectors HS". Two 3D ROIs
around each of the Bragg peaks were further analyzed.

By integrating intensities inside 3D ROIs at each position of
the scan the 2D map of lattice spacing was obtained (see
Fig. 3a). Higher intensity at the top part of the map corres-
ponds to GaSb since this segment of the NW has a larger
volume compared to InAs. The drop of integrated intensity
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between GaSb and InAs segments is attributed to a transition
region of the heterojunction, where the tilting and defects can
reduce the scattering power within a particular ROIL. The
spatial resolution of the scanning X-ray nanodiffraction is
limited to the beam spot size at the sample and in this case
the beam full width at half maximum (FWHM) is comparable
to the NW cross-section. Therefore, further discussion is
limited to the variations only along the NW direction (white
dashed line in Fig. 3a, b and 5c). The y-position of the profile
is chosen along the line of maximum integrated intensity as
shown in Fig. 3a.

Local strains and tilts in the NW were obtained by calculat-
ing the coordinates of the center of mass (COM) of the Bragg
peaks in 3D Q-space. Since the W layer stresses both InAs and
GaSb segments of the NW, we evaluate the relative strain of
Gasb with respect to the InAs segment. The Bragg peak inten-
sity distribution from InAs segment was averaged from all scan
positions, then coordinates of COM of this distribution were
used as a reference for strain and tilt calculations in GaSb
segment (see ESI} for details).

The resulting ¢,, strain map for InAs-GaSb NW is shown in
Fig. 3b. The profile of the strain along the dashed line is pre-
sented in Fig. 4 as an experimental curve. As it is expected, the
strain values in the InAs reference segment are around 0%. A
distinct region of strain step-like change along x axis corres-
ponds to the p-n junction. The relative strain in the GaSb
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Fig. 3 Diffraction mapping results (up-sampled by a factor of 2). (a) Map of integrated scattering intensity around Bragg peaks of InAs and GaSb.
The intensity map is truncated by 0.1 from the maximum value and used as a mask for other maps. A schematic of the NW device is shown on the
left to scale for comparison. The intensity distribution of the X-ray beam spot on the sample is shown in the inset (for details see ESI{). (b) Map of &,y
strain component in GaSb segment obtained using the ROI around GaSb Bragg peak with respect to averaged InAs Bragg peak position. The dashed
line is aligned with the profile of maximum scattering intensity in (a). The strain profile is shown in Fig. 4. Local tilting of the crystal around the z- (c)
and y-axes (d). The tilting is shown schematically in the insets. Plus and minus signs indicate the directions of positive and negative tilts.
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Fig. 4 Line profiles through the integrated Bragg intensity (dashed line
in Fig. 3a) and strain distribution in the GaSb segment of the NW
obtained in the experiment (dashed line in Fig. 3b). The integrated inten-
sity profile shown by light dashed line reveals the position of the hetero-
junction between InAs and GaSb segments in the NW at x = 150 nm. The
value of strain &, = 0.46% at x = 300 nm (as indicated in the box) is used
in further comparison with the FEM simulation.

segment with respect to the InAs reaches the values of 0.46 +
0.01%. The 0.2% of strain comes from the difference in the
atomic plane spacing between {111} and {0002} sets of crystal-
lographic planes, plus additional dilation of 0.26% due to
radial compression induced by the W gate layer. The latter is
an effect caused by the device processing steps. To extract the
value of induced stress in the W layer, which causes the
dilation and directly affects the hole mobility in GaSb.

The local tilt maps were calculated as the Bragg peak
rotations with respect to the Q, and Q,, axes (see Fig. 3c and d).
They represent crystal lattice rotations around z- and y-axes,
along and perpendicular to the X-ray beam respectively. A rela-
tive tilting of 1° between two segments of the NW is revealed
in the plane of the lamella (see Fig. 3c). An order of magnitude
smaller values of the tilt are observed in the perpendicular
direction, revealing overall stability of the NW within the pro-
cessing layers. The tilting of the NW structure likely comes
from the organic spacer and metal deposition, and occurs at
the weakest point, which is the InAs-GasSb junction visible at x
=150 nm in each map.

4.1. FEM simulation

In order to reveal the influence of the W gate on the strain state in
the NW, we performed simulations based on the FEM approach.
The finite element software, Comsol Multiphysics, was employed.*
The 3D shape of the NW was constructed using dimensions
obtained from the SEM measurements. The model consisted of
hexagonal-shaped InAs and GaSb segments, rotated by 30° to
accommodate the WZ and ZB crystal structures at the junction.
Dimensions of these domains were 40 nm by 150 nm and 70 nm

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Finite element method simulation of the NW transistor. (a) A
scheme of the NW device in 3D geometry. On the left, the domains are
listed with corresponding materials. On the right, the boundary con-
ditions which were applied in the elastic model. The orientation of the
model represents the view along the incoming X-ray beam at Bragg
condition of g = 6.74°. (b) A 3D surface representation of the FEM solu-
tion revealing the strain relaxation in W wrapped gate. (c) A 2D strain
map simulation for comparison with the X-ray experiment. The W layer
is not taken into account, since it is not contributing to the X-ray scat-
tering intensity. The line profile at the position of the white dashed line
is used for comparison with the experimental results (see Fig. 6).

by 300 nm respectively. A 10 nm-thick stressed W layer was added
around both segments (see Fig. 5a).

The simulation was performed in the frame of the linear
theory of elasticity. The lattice constants obtained from ref. 44
were @™ = 4.2742 A, ™ = 7.0250 A for WZ InAs and a®* =
6.0959 A for ZB GaSb.*” The corresponding elasticity matrices
were assigned to the materials (see ESIt). The initial strain of
0.84%, due to the lattice mismatch at the heterojunction, was
applied to the GaSb segment for the in-plane components of
strain tensor (yz-plane in Fig. 1c). The difference of 0.2% in
the lattice constants along the NW growth direction was taken
into account by adding it to the GaSb segment strain distri-
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Fig. 6 The strain profile along the white dashed line in Fig. 5c obtained
from the FEM simulation.

bution. The bottom facet of the NW was fixed at the substrate,
while the top opening of the NW was left free to expand. These
geometry and boundary conditions correspond to the state of
the NW after down-etching of the W gate layer. An inward
boundary pressure was applied at the surface of the W gate as
a variable parameter, which directly contributes to the strain
state within the NW.

First we qualitatively compare experimental results (Fig. 3b
and 4) with the model (see Fig. 5¢ and 6). The experimental strain
profile is convoluted with the X-ray spot size which effectively
smooths features at the interfaces and edges of the NW. However,
we can qualitatively observe that in both the experiment (see
Fig. 3b) and model (see Fig. 5¢) a slight strain increase is seen at
both axial edges of the GaSb segment. In the simulation (see
Fig. 6) there are additional local variations in the strain of the
InAs segment as well as at the very top of the GaSb segment not
seen in the experiment. This can be understood from the fact
that the boundary conditions assumed in the model are too
sharp and do not include for example the presence of the InAs
substrate. Additionally, the finite X-ray beam profile of the experi-
ment average out sharp features seen in the model.

It is interesting to make a more quantitative comparison
between the strain difference in the central part of the GaSb
and InAs segment of the experiment and model. This is a valid
assumption since these two points are not affected signifi-
cantly by the convolution with the beam profile or the sharper
boundaries (as it is clear from the FEM model). The result of
strain mapping experiment was simulated by averaging &,
strain distribution along the incident beam direction at Bragg
angle 05 = 6.74° (see ESIT for details). Here, we assume that
the averaging gives an appropriate approximation to the experi-
ment since we focus on the variation of strain between the
central points of InAs and GaSb segments. There, the variation
of strain induced by lattice mismatch becomes negligible.
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Further, we fit the strain difference between the middle
points in GaSb and InAs segments to the experimental value of
&xx = 0.46%. By varying the applied stress o, in the W shell, a
perfect match between experiment and simulation was found
at a value of o, = —3.1 GPa (see Fig. 6 and ESIT for details).

To underpin the value of stress obtained by the X-ray experi-
ment and simulation, an ex situ curvature measurement of the
bending substrate (BS) was performed on a thin film of W
under a range of Ar pressures including the one used for NW
processing (for details see ESIt). Interestingly, the value of the
stress in the W layer obtained from the X-ray experiment
agrees perfectly, within its accuracy range, with the stress value
of —3.14 GPa at 2.7 mTorr Ar pressure obtained from the BS
measurements.

5. Conclusions

In conclusion, we have successfully mapped the distribution of
the strain in a fully processed InAs-Gasb NW transistor
embedded in realistic gate materials and organic spacer. The
tensile strain values up to 0.26% were directly obtained in a p-type
GaSb segment of a TFET-like structure using scanning X-ray nano-
diffraction. The experimental result was supported by finite
element simulations and ex situ measurements of the W gate
stress induced during the device processing. This work promotes
the approach for strain characterization in embedded nano-
structures, where the processing layers are used to control, for
example, the channel mobility in semiconductors. As a result, a
reliable and time-efficient benchmarking of nanoscale device
design without damaging the sample preparation is demonstrated.
We believe that this work will aid a multitude of metrology studies
of functional crystalline elements within complete devices at high-
brightness synchrotron sources.*”
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