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Recordings and Analysis of Atomic Ledge and
Dislocation Movements in InGaAs to Nickelide
Nanowire Phase Transformation

Renjie Chen* and Shadi A. Dayeh*

The formation of low resistance and self-aligned contacts with thermally stable
alloyed phases is a prerequisite for realizing reliable functionality in ultrascaled
semiconductor transistors. Detailed structural analysis of the phase transformation
accompanying contact alloying can facilitate contact engineering as transistor
channels approach a few atoms across. Original in situ heating transmission electron
microscopy studies are carried out to record and analyze the atomic scale dynamics
of contact alloy formation between Ni and In,s;Ga, ,As nanowire channels. It is
observed that the nickelide reacts on the In,s;Gay,As (111) || NisIn,s;Gay ,As
(0001) interface with atomic ledge propagation along the Ni,In,s;Ga, 7As [1010]

direction. Ledges nucleate as a train of strained single-bilayers and propagate in-plane

as double-bilayers that are associated with a misfit dislocation of 13:2—36[0001]. The

atomic structure is reconstructed to explain this phase transformation that involves
collective gliding of three Shockley partials in In,s;Ga, ;As lattice to cancel out
shear stress and the formation of misfit dislocations to compensate the large lattice
mismatch in the newly formed nickelide phase and the In,s;Ga, ,As layers. This
work demonstrates the applicability of interfacial disconnection (ledge + dislocation)
theory in a nanowire channel during thermally induced phase transformation that is
typical in metal/IlI-V semiconductor reactions.
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1. Introduction

Semiconductor nanowires!' and FinsP7 are promising
building blocks for next generation ultrascaled devices for
electronic>1% and optoelectronicl!’3 applications. An
important aspect for the development, maturity, and effi-
ciency of these ultrascaled devices is the detailed under-
standing of and control over the phase transformation that
accompanies the formation of their alloyed contacts for
lithography-free self-aligned gate design.''®l Prior pio-
neering research has revealed the large differences between
the nanoscale metallization processes with their bulk coun-
terparts, evoking reevaluation of the thermodynamics,!!”]
kinetics,'1° and resultant phasesi?”! in alloyed and com-
pound nanoscale contacts.?'?2] The majority of these studies
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were carried out by in situ heating and imaging inside a
transmission electron microscopy (TEM)[2-2] which proved
powerful in investigating these thermally driven phase
transformations in real-time and at atomic resolutions.[?0-2"]
For instance, it has been found that the ledge nucleation
and movement in nanoscale metallization processes can be
largely affected by the involved material systems,?°! local
defects,!] metal impurities,?! dielectric layer coating,*l and
interfacial properties in between the metal contact and the
semiconductor.?*l Though prominent discoveries have been
made on nanostructures on elemental semiconductors, i.e.,
Si and Ge nanowires,[??] detailed ledge behaviors have not
been uncovered in III-V nanowire channels at atomic reso-
lutions,?"] possibly due to the multifold elements and com-
plicated phases involved in the phase transformation from a
binary/ternary compound semiconductor to a ternary/qua-
ternary compound metallic contact, respectively, even for a
single element metal contact (e.g., Ni).

We focus on the narrow band gap high electron mobility
III-V semiconductor, In Ga,_ As, due to its potential in sub-7
nm metal-insulator-semiconductor field-effect transistors.’!
Among the different compositions of these ternary phases
(In,Ga,_,As), In;5;Gay4;As is most commonly used, as it
can be epitaxially grown on an InP substrate and possesses
an intermediate energy band-edge gap that simultaneously
affords high electron mobility, low Schottky barrier contacts,
and low thermally generated leakage currents.**] Ni has been
argued as a suitable alloyed metal contact with In, 53Gag 4,As
channels because it forms a metallic nickelide phase
(Ni,In, 53Gag 47As)7% which is analogous to the nickel sili-
cide (Ni,Si) to the Si material. For these planar device geom-
etries, it was found that at temperatures as low as =230 °C, a
poly-crystalline nickelide phase forms and can be thermally
stable up to 450 °C.1*%1 The Ni In,s;Ga,;As lattice is of the
NiAs (B8) structure with commonly observed stoichiometry
of Ni,In, s3Gay ;;Asl*#] or NiyIn, s3Gay 4, Asl** at different
process conditions. However, the lattice mismatch between
Ins3Gag47As and the formed Ni In,s;Gag4;As could intro-
duce large strain in the Injs;Gaj4;As nanowire channels
and leads to the formation of defects at the Injs;Gag4;AS/
Ni In,s;Gay4;As interface,! which further complicates
detailed structural analysis. Therefore, we sought a detailed
investigation of the nucleation and ledge propagation behav-
iors to uncover the origin of these complicated phase-trans-
formation details.

2. Results and Discussions

In this work, we utilized the in situ TEM heating tech-
nique to observe the solid-state reactions between Ni con-
tact and Ing5;Gaj4;As nanowire channels. The horizontal
Iny 53Gay 47As nanowire channels were fabricated by top-
down dry-etch on a separate substrate (details in methods),
with nanowires sitting on a 15 nm HfO, layer.*>% As
shown in Figure la-i, the nanowire channels were patterned
in columns with wire-to-wire distance of 120 nm within a
single column, and between adjacent columns a wire-to-
wire offset of 30 nm. This design ensures no overlapping
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of nanowire channels in a focused-ion-beam (FIB) milled
specimen lamella (Figure 1a-iii) along the channel direction,
and the existence of 2-3 consecutive nanowire channels in
this lamella for in situ studies (Section I, Supporting Infor-
mation). We used the FEI Tecnai F30 TEM and Aduro 500
heating stage (Protochips Inc.) to perform the in situ heating
experiments in this work with its compatible AHA thermal
E-chips (Protochips Inc.) that served as the heating platform
(shown in Figure la-iv). On top of the chip, two outer metal
leads provided resistive heating through the conductive
ceramic membrane underneath and another two inner metal
leads served as a thermocouple giving temperature feedback
to the controller. Then, we again used the FIB to mill an open
square on the ceramic membrane and to deposit two Pt posts
on opposite sides of the square window (Figure 1a-v). Subse-
quently, the specimen lamella was lifted out and transferred
on top of the membrane of a thermal E-chip horizontally
(schematic in Figure la-vi, SEM image in Figure 1b) with an
Omniprobe inside an SEM (FEI Nova 600) chamber. Finally,
this lamella was further thinned to a thickness of 60-80 nm
permitting electron beam transparency (Figure S2, Supporting
Information). The nanowire channel investigated in our in situ
heating experiment is labeled in the TEM image in Figure 1c.

Figure 2a provides an overview of the interfacial pro-
file between Ings;Gaj4;As nanowire and the reacted nick-
elide phase after applying the in situ heating at 320 °C
(Movie S1, Supporting Information). Debates exist in the lit-
erature regarding the stoichiometry of Ni when it forms nick-
elide compounds with In, s;Ga 4,As,[*1#] and the variability
of the results can be attributed to the nonequilibrium condi-
tions of short-time annealing, and the sensitivity of the reac-
tion products to the substrates and process temperatures.[*?]
However, as it will be shown later in this work, the ledge
mechanisms for phase transformation is unaffected by the Ni
stoichiometry due to the same hexagonal lattice structure and
similar c/a ratios for the different nickelide compounds. Here,
we deduced the nickelide phase as Ni,In,53Ga, 4;As by cross
examining the lattice constant (Figure 2c¢) with known value
for this phase (more details in the Experimental Section).[*!]
From the diffraction patterns of two phases across the inter-
face (Figure 2b,c), we found that the interface followed the
Ing 53Gag 47As (111) Il NiyIng 53Gag 47As (0001) atomic planes,
in agreement with our earlier ex situ studies.[*] To better
understand the interfacial atomic arrangements, ledge for-
mation and movement behaviors, we recorded the nickelide
reaction with high-resolution TEM (HRTEM) at x 1 M mag-
nification (Movie S2, Supporting Information) and extracted
the time-resolved sequences from the digital video (shown in
Figure 2d, original TEM images without labels are shown in
Figure S3 of the Supporting Information). To the best of our
knowledge, this is the first in situ observation of solid-state
reaction between metal and III-V nanowires with atomic
resolution and that clearly exhibits the ledge formation and
movement behaviors.

We found that the Ni,In;s3Gajy,,As ledge formed
in a train of single-bilayers[*’] as observed near the top
surface of the nanowire channel in each time frame of
Figure 2d. These single-bilayer ledges were under biaxial ten-
sile stresses from inside the interfacial plane (Injs;Ga4;As
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Figure 1. Schematics, SEM, and TEM images that exhibit the FIB mill and lift-out processes for transferring the specimen lamellae onto the TEM
membrane window. a) Schematics of the process flow, with i—iii representing the FIB process on device substrate and iv—vi representing the
transfer process on TEM thermal E-chips. (i) and (ii) are the top-view and partial side-view of the fabricated In, 55Ga, ,,As nanowire channels with
Ni contacts. In each column of nanowires, the center-to-center distance is 120 nm, and the channel length is 1 um. Between two columns, there is
an offset of 30 nm. (iii) shows the FIB milling process with the lamellae in parallel with nanowire channel direction. (iv) is the schematic for thermal
E-chips. Four metal leads on the thermal E-chip will be connected with the probes on Aduro TEM heating stage to introduce resistive heating and
to read out temperatures. (v) shows the FIB milled opening window on the TEM membrane, together with the FIB deposited Pt posts besides. (vi) is
the lift-out and transfer step that places the specimen lamellae onto the Pt posts atop the thermal E-chip. ¢) SEM image of the FIB milled specimen
lamellae transferred horizontally onto the TEM membrane on the thermal E-chip. d) TEM image showing the overview of specimen lamellae and

the labeled location of nanowire channel for this in situ study.

(111) Il Ni,Ing 53Gag4;As (0001)) due to lattice mismatch of
5.5%, and a uniaxial compressive stress in the direction that is
perpendicular to the interfacial plane due to nickelide volume
expansion of 34.2%.[*] These two effects, in principle, add
up the compression of Ni,In, 53Ga 4;As lattice in the out-of-
plane directions. While in our case here, the very thin (<80 nm)
TEM sample lamellae in this study facilitate volume expan-
sion laterally perpendicular to the channel and reduces the
overall influence of volume expansion on interfacial stresses.
Our observations show that these single-bilayer ledges moved
freely along the [1010] direction on the NiyInys;GagAs
(0001) surface from the nanowire top surface to the center
region, until hindered by a misfit dislocation that is generated
to release the compressive stress during the ledge propagation

(strain analysis is presented in Section IV, Supporting Infor-
mation). Those newly generated misfit dislocations were cap-
tured in the time duration of 070’-14”05" and are marked
with a cyan colored arrow, the time duration of 9749°-14705"’
with a green colored arrow, and the time duration of 32739’
36”55 with an orange colored arrow. Once a misfit dislo-
cation is formed, the propagation speed of a single-bilayer
ledge decreased and another single-bilayer ledge growth can
reach the same Ni,In,s;Gag4;As/Ings3Gag4;As of the first
single bilayer. The ledge with a double-bilayer height moved
together thereafter with a misfit dislocation of b=%-[0001].
Even though double-bilayer ledges could instantly merge and
then separate into independent double-bilayer ledges in the
following movements (e.g., time duration of 070’-9749”,
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Figure 2. Ledge formation and movement mechanisms of nickelide
phase at atomic resolution. a) TEM image of the Ings;Gay ,,As/
Ni,Ing 53Gag 4,As interface showing a slanted interfacial profile.
Scale bar is 20 nm. b,c) Fast Fourier transform (FFT) images of the
Ing.53Gag 47As and Niylng 53Ga, ,,As segments, respectively, showing
the diffraction patterns of In, 53Ga, 4,As along the [011] zone axis
(projecting direction in TEM) and of Ni,In, 55Ga, 4,As along the [1210]
zone axis. The diffraction patterns indicate that the slanted interface
follows the Ingg3Gag4,As (111) || NiyIngs3Ga, ,,As (0001) atomic
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ledges related to the two labeled dislocations toward the
bottom of the images), a double-bilayer ledge remained
stable and never splat into two single-bilayers afterward. This
indicates that double-bilayer is the unit height for a moving
Ni,In, 53Ga 4,As ledge after the generation of a misfit disloca-
tion at the reacting Ni,In, 53Ga 4;As/Ing s3Gag 4;As interface.
These ledge formation and movement behaviors illumi-
nate significant differences with preceding observations made
on metal alloying process in elemental semiconductors such
as in Si nanowires. When nickel silicide forms in Si nanowire
channels, the immediate adjacent phase to pristine Si is NiSi,
that has a cubic lattice structure and a lattice constant that is
very close to that of Si.l'7?2] Therefore, a coherent heteroepi-
taxial interface was observed in between Si and NiSi,, and the
NiSi, phase grew by forming ledges of single-bilayer height.
However, during the phase transformation in Injs;Ga 4;As/
Ni,In, 53Gaj 4,As system, the large lattice mismatch resulted
in a misfit dislocation in every two atomic bilayers in
Ni,In, 5;Gaj4;As (corresponding to every three atomic
bilayers in In; 53Gay 4;As, as will be discussed in detail below).
The ledges of Ni,In,s;Gayy,,As moved as a double-bilayer
height, coupled with the misfit dislocation. An interface that
contains both ledge and misfit dislocation is generally referred
to as a “disconnection,’*5% and our in situ observations
here are the first direct proof of interfacial disconnection in
a nanowire channel during thermally induced phase transfor-
mation that is typical in metal/III-V semiconductor reactions.
To gain insight into the atomic arrangement at the inter-
facial disconnection and the motion of the ledges, we devel-
oped atomic models to construct the crystal structures at the
Ing 53Gay 47As/Ni,In| 53Ga, 4;As interface. Consider the two
magnified HRTEM images of the interfacial disconnections
(in the same nanowire but at different reaction times) as
shown in Figure 3a (original TEM images without labels are
shown in Figure S4 of Supporting Information). At time ¢, in
Figure 3a, one can observe a clear correlation between three
layers of Injs;Ga,;As lattice planes (marked with yellow
dashed lines) and two layers of Ni,In,s;Gaj4,As lattice
planes (marked with red dashed lines). Therefore, the inter-
face is characterized with a misfit dislocation with a Burgers
a

vector b= 3[111], where a = 5.87 A is the lattice constant of

the Injs3Gag4;As (zinc-blende). For Ni,In,s3Gagy,As that
has a hexagonal lattice with lattice constants of a = 3.93 A

and ¢ = 510 A*! (the Burgers vector defined above is

2c

equivalent to ?[0001]). At time ¢, in Figure 3a, we observe

the same behavior, where a double-bilayer step height is
observed. Shown in Figure 3b are the lattice structures of
zinc-blende Ings53Gaj4;As and hexagonal Ni,In,s;Gag 47As.
Along the [111] direction of In,s;Gag4;As crystal, atomic

planes. d) HRTEM sequences extracted from a short time period in
Movie S1 of the Supporting Information, showing the ledge formation
atthe top-surface of nanowire channel and ledge propagations into the
nanowire body. The ledges started with a completely strained single-
bilayer form and moved with a double-bilayer step height. This double-

bilayer step moved together with a misfit dislocation 5=2?C[0001]
(labeled by the white “1”), forming a classic “disconnection” at the
interface. All these HRTEM images share the same scale bar of 5 nm.
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Figure 3. Atomic models that reveal the formation of interfacial disconnections during In, 55Ga, 4,As to Ni,Ing 55Ga, 4,AS phase transformation.
a) HRTEM images extracted from two separate time-instantin Movie S2 in the Supporting Information, giving an even closerlook at the In, 5Ga, ,,As/
Ni,Ing 53Gay 4,As interface. Scale baris 5 nm. b) Lattice structures of Iny 53Ga, 4,As (zinc blende) and Ni,In, 55Ga, 4,,As (simple hexagonal). ¢) Atomic
arrangements in Ing 55Gag 4,As (with [111] direction pointing upward) and Ni,In, 53Ga, 4,As (with [0001] direction pointing upward) respectively.
In Iny 55Ga, 4,As crystal, the atomic layers stack in an A-B-C-A-B-C... manner, while in Ni,In, 55Ga, 4,As the stacking is A-A-A.... In Ing 55Gag 4,AS
crystal, an “atomic bilayer” usually refers to the bonded In (or Ga) monolayer and As monolayer. This is also used here for corresponding layers
in Ni,Ing 53Gag 4,As crystal after phase transformation. d) Top-view of two lattice planes in an A-B-C type of stacking, indicating that the top lattice
plane has three possible in-plane gliding vectors in order to be overlapping with the bottom lattice plane. €) Side-view of how the A-B-C stacking
of lattice planes shuffle into an A-A-A stacking manner by collective gliding of three lattice planes along three different gliding vectors as shown
in (d). f) The reconstructed atomic structures at the interface in between In, 55Ga, 4,As (top left) and Ni,Ing 55Gag 4,,As (bottom right). The nature of
single-bilayer nucleus and double-bilayer step height is depicted in this schematic, together with the labeled misfit dislocations. We removed one
monolayer of As atoms at the interface of In, 55Ga, 4,As side, which overlaps with the Ni atoms in Ni,In, 53Ga, ,,As, in order to improve the clarity
of this structure model at the interface region.

of stacking. Here, we simplified one atomic-bilayer into a lat-
tice plane and depicted the gliding behaviors in Figure 3d,e.
A top-view of the lattice planes is shown in Figure 3d, and
the top lattice plane has three optional gliding directions to

planes arrange in a A-B-C-A-B-C... manner (shown in
Figure 3c), representing a typical fcc stacking. Along the
[0001] direction of Ni,In,s;Gaj4;As crystal, atomic planes
arrange in an A-A-A... manner, which is due to the nature of

its simple hexagonal lattice (different from typical hexagonal- overlap with the bottom lattice plane, i.c., 1[115], 1[151]7 and
close-packed (hcp) stacking). Therefore, during the phase 1 6 6

1604117 (5 of 10)

transformation from In;s;Gag4;As to NiyIng53Gag 4As, the
atomic bilayers need to glide in each atomic plane in order to
transform from A-B-C... type of stacking into A-A-A... type
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6[511], corresponding to three Shockley partial dislocations

(also referred to as Shockley partials). From a side-view of
the lattice planes as shown in Figure 3e, three lattice planes
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need to glide collectively along one of the three Shockley par-
tials in order to eliminate shear stress during phase transfor-
mation,P!] as no external shear stress was applied to the NW.
Therefore, a group of three (or multiples of three) atomic
bilayers in In, 53Ga, 4;As crystal will move all together by the
collective gliding of three Shockley partials with a height of
3d1yy = 10.17 A which is nearly equiYalent to the height of
double-bilayer ledge (2d(p91) = 10.20 A) in NipInj 53Gag 47As
crystal with residual strain <0.3%. This also introduces one
misfit-dislocation for each double-bilayer ledge. Finally, the
atomic arrangement at the disconnection interface is recon-
structed in Figure 3f, and both, the single-bilayer nucleus and
the double-bilayer ledges are illustrated in the schematic.
Ledges with multilayer height have also been observed
during in situ TEM in other nanowire systems, such as metal-
catalyzed growth of Sil?l and GaN[P3! nanowires, and phase
transformation in InAs nanowire®¥ (from wurtzite to zinc-
blende). During the metal-catalyzed nanowire growth, the
growth species diffuse through the catalyst, supersaturate at
the catalyst/nanowire interface, and generate new ledges on
the interfacial plane. Since the catalyst has no epitaxial corre-
lation to the nanowire, the number of layers in a ledge largely
depends on the supersaturation ratel>>>% or the property
of nanowire material itself.3] In the phase transformation
of InAs nanowire from wurtzite to zinc-blende phase,>*
the atomic planes changed from A-B-A-B... (hcp) type of
stacking to A-B-C... (fcc) type of stacking without elastic
strain as the stoichiometry of the InAs and the size of its unit
cell are conserved in this phase change. Ledges contained
six bilayers by collectively gliding of three Shockley partials
that each associated with two atomic bilayers in both the
wurtzite and the zinc-blende phases. In our material system
of Injs3Gay47As/NioIng 53Gag 47As, the phase transforma-
tion not only caused an unusual change in atomic stacking
(A-B-C... type to A-A-A... type), but also introduced large
elastic strain near the interfaces. Therefore, we observed a
fixed ledge height of two bilayers in Ni,In,s;Ga, 4,;As (three
bilayers in Inj5;Ga,4;As) and a misfit dislocation associated
with the ledge unit. Our observations expound a new type
of ledge formation and movement behaviors during contact
metallization, that is the phase transformation with large
elastic strain in nanowire channels, which serves as a direct
proof and in fact the first observation of the applicability of
the disconnection theory in nanoscale phase transformation.
We finally provide a qualitative analysis of the nickelide
phase nucleation based on thermodynamic and kinetic grounds.
This is to explain why the Ni,In, s;Ga, 4;As phase nucleated
near the top of the nanowire channel where Injs;Gag4;AS
interfaced with SiO, layer (as shown in Figure 2d), as opposed
to the trimethylalumnium (TMA) treated HfO,/In, 5;Ga, 47As
interface. As shown in Figure 4a, there are three possible
nucleation sites: ©® heterogeneous nucleation site near the
nanowire top surface, where Injs;Gayy;As interfaces with
SiO, cap layer, @ homogeneous nucleation site inside the
nanowire channel on the In,s;Gay,,As/nickelide interfacial
plane, and ® heterogeneous nucleation site near the nanowire
base, where Injs;Gag4;As interfaces with HfO,. Consid-
ering the classical case with a disc shaped nucleus (Section V,
Supporting Information), the ratio of energy barriers between
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heterogeneous (truncated disc) and homogeneous (full disc)
nuclei is:

AGpeiero _ B—sinfcosd 1)
AG;omn T

where 6 is the contact angle of heterogeneous nucleus with
the In\ 53Ga, 4,As/oxide interface.

Figure 4b schematically illustrates the relation between
system free energy and the radius of nucleus, for both homo-
geneous and heterogeneous cases. The energy barrier for
heterogeneous nucleation could be much smaller than the
homogeneous nucleation, and the ratio of AGjuero/AGhomo
depends on the contact angle 6 as can be deduced from
Equation (1). AGpeer0/AGhomo is plotted in Figure 4c. In
order to determine the ratio of AGjeero/AGhome, ONE needs
to know each value of the interfacial energies that determine
the contact angle 6. However, most of the interfacial ener-
gies (Ynickelideoxide @0Nd 7) for the In Ga, As system were
not measured nor calculated to date. Despite this, we can
hypothesize a value for 6 by considering the possible shape
of nucleus as shown in Figure 4d,e. We argue that the crit-
ical nucleus is preferred to form on coherent interfaces with
a shape that is determined by the low energy facets.’”] In
our in situ studies at the temperature range of 280-350 °C,
we observed clear facet selectivity of In,s;Gajs,As (111)
on which the Ni,In;s;Gay,;As phase preferred to grow.
Therefore, it’s reasonable to speculate that within our
studied kinetic regime, the nucleated Ni,Ings;Gagy,AS
phase should be bound by other equivalent {111} facets
as shown in Figure 4e. If we consider the other side at the
interface, Ni,In,s;Gaj4;As phase has a hexagonal lattice
structure in which {1100} are the typically preferred low
energy facets.’>] Both of these two facet-groups enclose
an equivalent hexagonal boundary for the critical nucleus. At
the same time, studies of silicide formation in Si nanowires
informed that the silicide/oxide interface usually had a larger
interfacial energy than Si/SiO, interface, resulting in a con-
tact angle 6 > 90°.331 Therefore, for a reasonably speculated
contact angle of 120° in the Ings3Gag4;As/NiyIng 53Gag4,AS
system under our experimental conditions, the ratio of nucle-
ation barrier is AGpgero /AGhomo = 0-64 (labeled in Figure 4c),
which is within a typical range of ratios that was found for the
more studied silicide growth.[?1.% This indicates the thermo-
dynamic preference of heterogeneous nucleation, but does
not account for kinetic considerations. For this, we need to
consider the nucleation rate, which can be characterized as:

R=wC exp(— AkGTD )exp(—i—?)

where o is frequency related to atomic vibrations, C is the con-
centration of critical sized nucleus, AGp, is the activation energy
for Ni atoms to diffuse to the reaction interface, and AG* is
the energy barrier for nucleus. By invoking known values into
equation (4), (Section V, Supporting Information), we can get:

@)

®)

Rhetero ~1.26 exp [ A(;*homok_TA(;*hetero ]

homo
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Figure 4. Nucleation model of the nickelide reaction in the [011] oriented In, 55Ga, ,,As nanowire channel. a) Schematics of the three possible
nucleation sites for nickelide phase on the Ing 53Ga, 4,As/nickelide interface, which are © heterogeneous nucleation site atIn, s;Ga, 4,As/ nickelide/
Si0, triple phase boundary (TPB), ® homogeneous nucleation site at the Iny 53Ga, 4,,As/ nickelide interface, and ® heterogeneous nucleation site
at Ing 55Gag 4,,As/ nickelide/ HfO, TPB. b) Plot of free energy of a nucleus as a function of radius for both homogeneous and heterogeneous cases
according to the derived thermodynamic model (Section V, Supporting Information). ¢) The ratio of energy barriers AG*| qero/ AG*11omo @S @ function
of contact angle of the nucleus at the interface of Iny 53Ga, 4,As/dielectric as showing in (b). d) A hypothesized shape of heterogeneous nucleus
that shows a hexagonal shape. This hexagonal disc is not necessarily equilateral and may contain small facet steps, while the contact angle will be
fixed at 0= 27/3 that corresponds to the ratio AG*|,¢ero/ AG*omo = 0.64 in (c). (d) An ideal heterogeneous nucleus that shows a hexagonal shape
from side and top views. e) The reason for the hypothesized hexagonal nucleus is illustrated by the atomic arrangements at the In; 55Gag 4,As (111)
[| NiyIng 55Gag 4,As (0001) interface, enclosed by the low-energy facets for both sides of the interface.

Therefore, the nucleation rate is also directly related to
the nucleation barrier. Since the nucleation barrier AG*, .o
is about few electron-volts (eV) for a typical metallization
process in nanowires,[?>% the estimated ratio of nucleation
rate Rygrero/Rpomo = 1.5% 10, This analysis corroborate our
experimental observations that the heterogeneous nuclea-
tion is much more favorable both thermodynamically and
kinetically.

There are two types of heterogeneous nucleation sites in
our model (@ and ® in Figure 4a), which are at the interface
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with SiO, top or with HfO, bottom layers. This HfO, layer
was grown on Injs;Gajp,;As by atomic layer deposition
(ALD) with a pretreatment of five-cycle consecutive pulses
of TMA and H, plasma. This surface pretreatment was
found to introduce an intermediate Al layer and enhance
the bonding strength between In,s;Gaj4;As and HfO, by
forming As—Al—As bonds and Al—O bond on each side
respectively (Section VI, Supporting Information).*162l
It is expected that the abundance of dangling bonds and
vacant sites at the sputtered SiO, layer on Injs;Gag4AS
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(as opposed to ALD deposited HfO,) will enhance the dif-
fusion of Ni at that interface since Ni is known to diffuse
through interstitial states.[®*] We believe that this improved
bonding strength between Inj5;Gayy,As and HfO, reduces
the diffusion rate of Ni at this interface and increases the AGp,
in Equation (2), resulting in a reduced nucleation rate. One
should not exclude the possibility that the bonding strength
increases the elastic strain E.;, if Ni,In;s;Ga,4;As nucle-
ates at the Injs3Gaj4;As/HfO, interface and then increases
the nucleation barrier according to Equation S8 (Supporting
Information). Therefore, we believe that the coordinated
bonding between Ings3Gag;As and HfO, limits the hetero-
geneous nucleation at this interface. Moreover, though the
In, 53Ga, 47As nanowire is also covered by SiO, on the sides,
we believe that once Ni,In| 53Ga 4;As nucleated from the top
surface the fast diffusion of Ni along the sidewalls would only
contribute to the ledge propagations by nucleating at the kink
sites on the train of ledges instead of nucleating new ledges.

3. Conclusions

In summary, we carried out in situ heating TEM experiments
to study the contact metallization process in between Ni con-
tact and Ing 53Gay4,As nanowire channels, and observed the
detailed ledge formation and movement behaviors at atomic
resolution. We found that the reacted interface followed the
Iny 53Gag 47As (111) 1l NiyIng 53Gag 47As (0001) atomic plane,
and the ledges nucleated as a train of strained single-bilayers.
Once the strain energy in single-bilayer ledges was relieved
in part by forming misfit dislocations, their velocity decreased
permitting the formation of associated single-bilayer ledges,
the double-bilayer ledges. Consequently, these nickelide
ledges moved with a double-bilayer height that became
the unit height of ledges in this phase transformation. Our
atomic models depicted the ledge propagation behaviors
that are related to collective gliding of three Ings;Gag4;AS
single-bilayers along three Shockley partials to cancel out
the shear stress during phase transformation. Our analysis
for the nucleation of new ledges indicates that the hetero-
geneous nucleation at the nanowire top surface is favored
both kinetically and thermodynamically and is in good agree-
ment with our experimental observations. Our in situ studies
demonstrated for the first time the applicability of interfacial
disconnection theory in contact metallization for compound
semiconductor nanoscale channels.

4. Experimental Section

Fabrication of InGaAs Nanowire Channels on Insulator on Top
of Si Substrate: In this work, a 50 nm thin undoped In; 53Ga, 4,,AS
film (MBE grown on (001) InP by Intelligent Epitaxy Inc., Rich-
ardson, Texas) was first transferred on insulator on Si substrate
with a solid-state wafer bonding process that was developed previ-
ously and reported elsewhere.[4546] After the transfer, the stacking
layers from top to bottom were 50 nm In, 53Ga, 4,As, 15 nm HfO,,
200 nm Si0,, NiSi, bonding layer (average thickness =200nm),
and 500 um Si substrate. Second, 30 nm wide horizontal nanowire
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structures were patterned on top of the In, 55Ga, ,,As layer utilizing
a 100 kV e-beam writer (JEOL JBX-6300FS) with beam size =8 nm.
The arrangement of patterned nanowires is schematically shown in
Figure 1a (also see details in Figure S1, Supporting Information),
which is to ensure that one nanowire was captured within a single
FIB milled lamellae along the x-direction (see details in Section |,
Supporting Information).

Specimen Lamellae Preparation by FIB Milling and In Situ
Lift-Out (INLO): TEM specimens in this work were prepared by FIB
milling on the samples of In, 55Ga, 4,,As nanowire on insulator on
Si substrate. Prior to FIB milling, 400 nm SiO, and 50 nm Pt were
deposited atop the sample to prevent damage of interested area
under ion beams. SiO, layer was deposited at a low temperature
(100 °C) by plasma enhanced chemical vapor deposition to pre-
vent any possible reaction between Ni contact and Ing 55Ga, 4,AS
nanowires prior to our in situ heating experiments. The FIB and
INLO process utilized here, as shown in Figure S2 (Supporting
Information) first row, followed conventional procedures!64¢%! in
which a 30 kV Ga beam was used for rough milling and reduced
voltage (10 kV) was used for fine milling.

Transferring Specimen Lamellae on Top of Thermal E-Chips:
The process to transfer FIB lamellae onto the TEM window of a
thermal E-chip (AHA chip, Protochips Inc.) was shown in Figure S2
(Supporting Information), second row. The TEM window was made
of conductive ceramic with many manmade circular holes for elec-
tron-beam transparency. A larger rectangular hole was drilled inten-
tionally for better imaging of the FIB lamellae for the HRTEM video
recording of the reaction dynamics. Two Pt posts were also depos-
ited on the edge of the opening region (shown in Figure S2 step 4,
Supporting Information) to hold the transferred FIB lamellae. These
two Pt posts not only helped maintaining the flatness of specimen
lamellae during transfer, but also facilitated the further thinning
and cleaning steps by lifting up the lamellae from the surface of
ceramic membrane. Finally, the transferred specimen lamellae was
further thinned with FIB with reduced voltage (10 kV), until the
lamellae reached a thickness =60 nm.

In Situ TEM Movies Recording: In this study, TEM was oper-
ated at 300 kV with minimal electron dose that could still main-
tain clear imaging at highest magnification (x 1 M). The electron
beam was blocked during the in situ heating experiments except
for imaging and video recording for 1-2 min. The electron beam
was never focused on the interested area of the specimen in order
to minimize the possible damages induced by electron beam. For
over 10 samples that were studied in this work, no noticeable
beam effect was observed during the phase transformation from
InGaAs to nickelide (detailed discussions in Section Il, Supporting
Information). HRTEM images were extracted from the video frames,
and processed in the DigitalMicrograph software where diffrac-
tion spots were masked and then inversed to enhance the image
clarity. A list of the supporting movies is provided below:

Movie S1: Low-magnification TEM recording of nickelide
reactions in a [110] oriented In,s3Ga,y,4,As nanowire in which
Ing 53Gag 47As/nickelide interface shows a slanted profile cor-
responding to Ings3Gag,zAs (111)//NiyIng 53Gag ,,As  (0001).
This reaction evolved at 320 °C, and the video was recorded at
25 frames s71, and speeded up x 2.

Movie S2: High-resolution TEM recording of nickelide reac-
tions in a [110] oriented In,s3Ga,,;As nanowire in which
nickelide phase nucleated at the top surface of nanowire
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channel and the ledges moved on the interface of In;s3Gag 4,AS
(111)//NiyIng 55Gag 4,As (0001). This reaction evolved at 300 °C,
and the video was recorded at 25 frames s7.

Movie S3: Another High-resolution TEM recording on the same
sample as in Movie S2 and at the same reaction temperature, but
in a different time duration.

Nickelide Phase Identification: Recent studies on planar
nickelide reactions had identified a sequential formation of
Ni5Ing 53Gag 47As, NiyIng s3Gag 47As, and NiAs with temperatures.*3]
Here, the nickelide phase was concluded as Ni,In, 55Gag ,,As due
to the following reasons: (1) the study was carried out at tempera-
tures lower than the decomposition temperature of the nickelide
phase, and therefore out-diffusion of In and Ga (which lead to
the formation of NiAs phase) was not favoured. (2) 230 °C was
the onset temperature of nickelide reaction in the studies and in
most of the other studies.l“?! However, in ref. 43l the onset was
300 °C which indicated a temperature offset and placed the in
situ experiments on the higher end of the temperatures where
Ni,Ing 53Gag 4,As phase was observed. (3) The nickelide lattice
constants were measured in a region far from the reaction inter-
face (i.e., strain-free), and the lattice constants were in agree-
ment with those of Ni,In, s3Ga, 4,As that were obtained in a prior
study on planar structures.*!l (4) These lattice constants did not
fit in the range of values reported in the temperature-dependent
nickelide phases in ref. 3] in which the different surrounding
layers (InP substrate and TiN cap layer) might play a role. (5) As
shown in Figure 3b, the nickelide phase had a hexagonal lattice
structure with Ni atoms occupying the corner sites (0,0,0) and the
edge sites (0,0,1/2). In (or Ga) atoms and As atoms occupied the
(1/3,2/3,3/4) site and the (2/3,1/3,1/4) site, respectively. This
corresponded to the stoichiometry of Ni,In, 55Ga, 4,As. There were
still another two empty sites (1/3,2/3,1/4) and (2/3,1/3,3/4) that
Ni could selectively occupy, resulting in a higher Ni-stoichiometry
of NisIng 55Gagy 4,As. This sounded reasonable from a pure struc-
tural aspect, but was not energy favored in the phase transforma-
tion that was observed in this work. As illustrated in Figure 3, Ni
atoms diffused in between the In (or Ga) and As atomic planes
to form the nickelide phase, and the formed nickelide phase has
a smaller in-plane lattice constant than that in In,55Gag 4,As. If
indeed Nisln, 53Ga, ,,As phase formed, there would have been
more Ni “squeezing” in between the already close-packed In or As
atomic planes, which is inconsistent with the smaller in-plane lat-
tice constant after phase the transformation.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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I. Integration of FIB lamellae onto TEM platform

HfO,
Ing 53Ga, 47AS nanowires
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Figure S1. Schematic for the top view of Ings3Gag 47AS nanowires arrangement. Each nanowire has a width of
30nm, and a center-to-center distance between two nanowires in a column to be 120nm. The column-to-
column group offset was 30nm.

Z

FIB Processes on Sample Substrate

1. Sample morphology 2. FIB milled trench 3. INLO of sample lamellag“with
Omr‘liProbe

4. FIB milled window, —
and FIEPOSited P..t:POSts

Figure S2. SEM images showing the sequences in FIB processes. The fabrication flow exhibits the sequences
of transferring the FIB cut lamellae from the home substrate onto the TEM membrane window of a thermal E-
chip. The inserted image in step 4 is the overview of TEM membrane with scale bar of 100 pm.



A TEM lamellae prepared by FIB milling usually has a final thickness about 60~80 nm, with
positioning accuracy > 100 nm. Therefore, the nanowire arrangement needed to be smartly designed
(shown in Figure S1) in order to have at least one intact nanowire channel that is fully embedded in
the SiO; layer and appears in the FIB milled lamellae. The 120nm wire-to-wire distance in a column
ensures no overlap of two nanowires in a FIB lamellae, and the 30nm column-to-column guarantees
2~3 nanowire channels remain along the FIB lamellae. If 3 nanowires remain, the center one would
be the intact nanowire fully embedded by SiO, top layer, and the other two would be partially
damaged by FIB on the sidewall. If 2 nanowires remain, both of them would be intact nanowires and

the in-situ study could be focused on either on them.

I1. Discussions of the potential beam-effects on our in-situ TEM observations

The incident beam in TEM carries energetic electrons that can interact with specimen materials
through elastic and inelastic scatterings." During these interactions, electrons may cause momentum
change of specimen atoms, leading to atomic displacement and structural defects, or transfer energy
to the specimen materials. The typically concerned beam effects during TEM imaging and recording

include knock-on damage, beam-induced coalescence, and local heating.2

The knock-on damages are generally observed as defects (e.g. dislocations, voids, and bubbles) and
structural changes (e.g. crystalline-to-amorphous or order-to-disorder phase transitions).® In order to
see these phenomena, most of the (electron or ion) irradiation studies were carried out under very
high voltages (1~3 MV).* Here in our in-situ study, the TEM system was operated at 300kV and a
minimal electron dose for HRTEM imaging. The electron beam was never focused on the interested

area of the specimen. Therefore, none of these beam-induced damages were observed.

Beam-induced coalescence and local heating effect are largely concerned for specimen in liquid
phases,” and reactions can be stimulated by electron-beam in liquid-cell TEM studies though energy
transfer in between electron-beam and the specimen.e’7 However, in in-situ TEM studies of solid-
state reactions (as in our case), such beam effects have not been found to influence the reaction under
moderate imaging conditions.®® Though beam-heating may raise the local temperatures, calculations
indicate only a small temperature rise (a few degrees or less) on solid specimens with good thermal
conductivities.! This small temperature variations in a local area will be alter our observed phase
transformations, as the nickelide phase was generally reported stable over a large temperature range
(230 ~ 450 °C).*°



Ex-situ reactions are generally used as a validation to exclude the beam effect.'* In our prior ex-situ
heating study,*? the same nickelide phase (Nizlngs3Gao47As) was observed at a RTA temperature of
300 °C, in which however, no detailed ledge movement behaviors could be observed without in-situ
observations. Therefore, we conclude that the reported InGaAs to nickelide phase transformation in
this work was mainly dominated by the thermally driven Ni-InGaAs solid-state reaction, with
negligible effect from the electron-beam irradiations.

I11. Original TEM images for Figure 2 & 3 in main text
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Figure S3. The original TEM images for Figure 2(d) in the main text without labeling of the atomic planes.
All these HRTEM images share the same scale bar of 5 nm.

Figure S4. The original TEM images for Figure 3(a) in the main text without labeling of the atomic planes.
Scale bar is 5nm.

IV. An estimation of the strain level before and after double-bilayer formation

As discussed in the main text, the nickelide phase nucleated as a train of single-bilayers that
experience large elastic stresses due to lattice expansion after nickelide formation. To provide a
qualitative analysis of the strain changes before and after the double-bilayer formations, we
measured the out-of-plane atomic spacing adjacent to the ledge frontier as a function of time (shown

in Figure S5). The details of our measurements are as follows:

i) We used the 8 HRTEM time-sequences in Figure 2(d) — which is also shown in Figure S3 — for the

strain measurements;



ii) Instead of the directly measuring strain in the formed nickelide single-bilayers, we measured the
strain level on InGaAs atoms adjacent to the nickelide/InGaAs interface, which are clearer than the
nickelide ones. The out-of-plane strain (due to lattice expansion) in the InGaAs side will have the

same polarity as in the nickelide side, which is related by the ratio of their moduli.

iii) The strain is measured along InGaAs [111] direction for simplicity, by taking the average of
closest 5 atomic distances. The measurement starts from the front of a ledge, and each strain plot

corresponds to a ledge labeled by the same color arrow in the HRTEM images in Figure 2(d).

The magnitude and spatial distribution of strain near the InGaAs/nickelide interface at a fixed time
frame was plotted in Figure S6 with geometrical phase analysis (GPA) tool** within the

DigitalMicrograph(Gatan) package.

0|....|...—.’;‘m...l...'u_L

0 190 20 ~30° 40

Time (s)

Figure S5. Out-of-plane strain distribution as a function of time. The strain data are color matched to single-
bilayer labels in Figure 2d of main text. Generally, a single-bilayer nucleus displayed an initial compressive
strain (e.g. green and pink data). This strain generally increased with time as the ledge expanded (e.g. green
and pink second data point at 4746”’). When another single-bilayer ledge nucleated (e.g. orange data at
9749), the strain energy in a prior formed single-bilayer decreased (e.g. green and pink data at 9749”’). The
strain level then gradually decreased due to the generation of misfit dislocation (e.g. green data at 14705”)
and in some cases even changed the polarity to tensile strain (e.g. orange data at 32”39”"). After the other
single-bilayer reach the front previously formed single-bilayer and formed a double-bilayer ledge, the strain
was then close to zero.
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Figure S6. The strain distribution across the interfacial area at a fixed time frame. (a) HRTEM image that is
extracted from Movie S1. (b) The FFT image showing the diffraction patterns of Ings3Gaga7As along the
[011] zone axis and of Niylngs3Gag47As along the [1210] zone axis. The green and yellow boxes enclose

diffraction patterns that were used for the GPA map in (c) and (d) respectively. (c) In-plane (e«) and out-of-
plane (eyy) strain distributions for Inos3Gag.a7As side, (d) ex and ey, distributions for NizInys3Gag.47As side.
From both (c) and (d) we observed that the top-right corner of the nickelide/InGaAs interface showed higher
strain where the single-bilayer nucleus formed, and that the e, is stronger than ey in both nickelide and
InGaAs phase near the interface due to volume expansion.

V. Derivation of the nucleation model at nanowire/nickelide interface

Considering a classic nucleus with disc shape on the InGaAs/nickelide interface, heterogeneous and

homogeneous nuclei are schematically illustrated in Figure S3.

Heterogeneous Nucleation Homogeneous Nucleation

? }’MG&AS oxide

yNickcrrde. oxide

Figure S7. Schematics of heterogeneous and homogeneous nuclei with disc shape with interfacial forces that
determine the contact angle 6.



(1) Thermodynamic considerations

In the heterogeneous nucleation situation, the total change in the system free energy is:
AGhe’(ero = _Ag 'Vdisc + }7 ’ Sdisc—side + (ynickelide/oxide - }/InGaAs/oxide) ’ SfIa\t—side + Estrain 'Vdisc (Sl)

where Ag is the nickelide formation energy, 7 is the average InGaAs/nickelide interfacial energy,
Y nicketiceroice AN ¥ neanvoice V€ the interfacial energies of nickelide/oxide and InGaAs/oxide

respectively, and E is the elastic strain energy for the nickelide nucleus.

strain

Here,

V. = nrzh-% +r?sin(z —0)cos(r—O)h=r’h-(0—sindcosH) (S2)
Saisc_sice = 277N - % =20rh (S3)
Stat_sie = 2rhsin(z — ) = 2rhsiné (S4)
We also have the Young’s equation of: ..o =¥ 1 carsorice = 7 - COS( — 6) (S5)
Therefore,

AGero = (Egpain — AQ) - T?h (6 —sinfcosO) + 7 - 2rh-(6 —sind coso) (S6)

As critical nucleus size can be calculated at the peak of the energy barrier,

9t =0, and therefore r"

or

(S7)

|
m| !

* .
r=r strain

By substituting r* into equation S6, the energy barrier for heterogeneous nucleation can be obtained

as,
* }72h

AG =—< — . (0-sinOcosh). S8
hetero Ag—E ( ) ( )

strain

Homogeneous nucleation is equivalent to the case when @ = 7, for which,

AG
AG

0—-sinfcosé
. )

*
hetero __

* =

(S9)

homo

(2) Kinetic considerations



The nucleation rate'* can be characterized as:

R=wCexp (— Akc_;rDj exp [—%} (S10)

where o is the frequency related to atomic vibrations, C is the concentration of critical sized nucleus,
AGp is the activation energy for Ni atoms to diffuse to the reaction interface, and AG* is the energy

barrier for nucleus.

Therefore,
Rhetero — Che’(ero exp[ AGI;OIume — AGEurface] exp[ AG;omo - AG ;etero] (Sll)
Rhomo homo kT kT

In our previous study,*? we extracted the value of activation energy for volume diffusion and surface

diffusion from Arrhenius plots and obtained:
AGP"™ =1.25 eV, and AGY™* =1.14 eV

We also know that the surface diffusion is related to the mono-layer atoms at the surface, while the

volume diffusion is related to the entire channel cross-section. Therefore,

Cretero  30nm x 0.588nm _ 0.0168 (S12)
Cromo 30nm x 35nm
Also,
Rhetero ~ 126 exp( AG homo AG hetero] . (813)
homo kT

V1. The profile of protruded nickelide phase at the reaction-front

In this in-situ study, we observed a slanted (angled) interface at the reaction front, which was the
INo.53Gap47As (111) || NizlngssGapszAs (0001) interface. The nickelide phase was always found
protruded at the base of Ings3Gag47As nanowire (shown in Figure 2(a) and schematically in Figure

S4(a)), even though there are two identical {111}-type facets of Ings3Gag4-As, i.e. (111) and (111),

that are perpendicular to the [011] zone axis that NiyIngs3Gags7As phase can grow on. This

observation was consistent in all (more than 10) in-situ specimens that we prepared.



To understand this behavior, we did multiple tests with various sample conditions, and finally
realized that the direction of the protruded interface at reaction-front was controlled by the interfacial
condition between initially deposited HfO, layer and the Ings3Gag47As nanowire channel. As shown
in Figure S4, the HfO, layers were initially deposited on Ings3Gag.47As by atomic layer deposition
(ALD) with two different pretreatment: (type I) 5 consecutive cycles of tetramethylammonium
(TMA) pulse and H, plasma, and (type Il) only 5 pulses of H, plasma. In all our samples,
Ino.53Gag 47As native oxide was stripped by diluted HCI dip before immediate loading into the ALD
chamber. We observed that the slanted Ing 53Gag 47AS/nickelide reaction-front protruded at base of the
nanowire channel (i.e. Ings3Gag47AS/HfO; interface) in type | specimen, while the reaction-front
protruded at top of the nanowire channel (i.e. Ing53Gag47As/SiO; interface) in type Il specimen. It
was reported that H, plasma pretreatment could effectively remove the native oxide and decap the
As-As dimers at InGaAs surface,™ together with the self-cleaning property of ALD-HfO,,'® resulting
in an oxide-free InGaAs/HfO, interface with the dominant interfacial bond by Ga-O bonds (formed
between Ga-terminated InGaAs surface and O-terminated HfO, surface).” Moreover, the
consecutive TMA pulse and H; plasma pretreatment not only can remove the native oxide at InGaAs
surface, but also can passivate the As-As dimers by forming As-Al-As bridge bonds,® resulting in an
Al-terminated interface and replacing part or all of the Ga-O bonds to Al-O bonds.™

Therefore, our conclusion is that interfacial conditions in between Ing s3Gao 47AS/HfO, either it’s Ga-
O bonds or Al-O bonds, can flip the protruded profiles at Ing53Gag.47As/nickelide reaction-front, even
though the nickelide phase always nucleated at the top surface of nanowire channel (from both

experimental observations and our model analysis).

(a) Type | specimen: TMA + H, plasma pretreated interface (b) Type Il specimen: H, plasma pretreated interface

Ing 53Ga, 7 AS

Figure S8. Comparison of the interfacial profiles at nickelide reaction-front that were controlled by different
Ing53Gap.47As /HFO, interfacial conditions. (a) Schematic and TEM image of the type | specimen. In this type
of sample, HfO, layer was initially deposited on Ings3Gag47As by ALD with pretreatment of 5 consecutive
cycles of TMA pulse and H, plasma. The interface was dominated by Al-O bonds. After nickelide reaction,
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the nickelide phase was protruded at the base of nanowire. (b) Schematic and TEM image of the type Il
specimen. In this type of sample, HfO, layer was initially deposited on Ings3sGags7As by ALD with
pretreatment of only 5 pulses of H, plasma only. The interface was dominated by Ga-O bonds. After nickelide
reaction, the nickelide phase was protruded at the top of nanowire. Scale bars are 50 pum.
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