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We grew binary PbSe nanowires in an in situ gas-heating cell in a
transmission electron microscope and elucidated species
dependent mass transport pathways and key correlation among
supersaturation, nucleation, and growth kinetics, thereby
enabling morphological and compositional control of nanowires
with tailored properties.

Vapor-liquid-solid (VLS) growth is a commonly observed
nanowire growth mechanism. In this mechanism, vapor
precursors are concentrated by a catalytic liquid droplet,
allowing a solid crystalline nanowire to subsequently grow at
the liquid-solid interface (li/s)*%. Nanowire VLS growth is
generally believed to proceed by a mono-nuclear layer-by-
layer process, where just one nucleation event occurs per
added growth layer (as the timescale for growing a layer is
much shorter than the timescale for nucleating a new layer,
which occurs at the VLS triple junction)> 6. Although
investigations into growing nanowire structures with
controlled diameter’, morphology® °, composition'®, growth
direction?, and heterojunctions® 12 have shown great success,
the complete growth mechanism is not yet fully understood.
Recent advances in in situ transmission electron microscope
(TEM) techniques have allowed atomic scale studies of the
steady state VLS growth process, providing new insights on the
heterogeneous interface structure? and interface kinetics3 14,
However, because of the difficulties in capturing the fleeting
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early stages of nanowire formation, little is known regarding
the earliest stages of growth, which are critical for the
eventual nanowire sizel, growth direction!!, and phasel®. In
particular, questions remain as to whether growth proceeds by
mono-nuclear or poly-nuclear process at the I during the
early stages. Thus, investigations into the early evolution of
the interface are a critical step for achieving a comprehensive
understanding of nanowire growth.

Moreover, few in situ studies have focused on compound
nanowires'® 16, which are challenging to study, due to the
need to carefully control complicated reaction parameters
such as temperature gradient!> 14 and precursor purity® 17,
The growth mechanism of compound nanowires is also more
complicated than that of a single elemental nanowire due to
the complex mass transport pathways that can occur,
associated with the presence of multiple growth precursors.
For example, during Al,0;3 nanowire VLS growth, the Al
precursors are supplied from the vapor phase directly, while
oxygen is provided by transient sacrificial dissolution of the top
rim areas of nanowires!8. Another study on the binary Gallium
Phosphide (GaP) system showed that when Ga and P growth
species were asymmetrically supplied at a low partial pressure
ratio of precursors P/Ga (<100), the liquid catalyst surface
absorbed Ga and acted as a reservoir for Ga while the P
precursor was transported directly from gas phase and reacted
with Ga on the catalyst surfacel®. Such mass-transport
phenomena enable new controls over nanowire composition,
with direct gas-phase transport making it possible to rapidly
change precursor composition, and avoid the reservoir effects
that inhibit precise control of elemental composition during
growth of hetero-structure nanowires2. Therefore,
understanding mass transport pathways during compound
nanowire growth may enable the production of nanowires
with complex hetero-structures, unique properties, and novel
functionalities.

Here we studied a compound nanowire of lead selenide
(PbSe). As a special class of IV-VI narrow-band-gap
semiconductor?® that exhibit excellent quantum confinement
at the nanoscale?°, PbSe has been extensively investigated,
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including fundamental research!* 2! and practical
applications??. In this work, we explored the early stages of
nanowire growth and investigated how the growth
mechanisms and mass transport pathways of Pb and Se
precursors changed during the course of crystal growth.

We used a gas-heating cell holder mounted in a TEM for
the direct observation of the growth of the PbSe nanowire,
which presented as a nanorod due to limited growth time and
precursors (Fig. 1, Movie S1, see supporting information (SlI)-1
for experimental details). PbSe and Bi metal powders (Fig. S1)
were deposited on the heating chips of the gas cell, to serve as
precursor and catalyst, respectively. To generate a
supersaturated environment for PbSe nanorod growth!” 18,
the gas heating cell was heated up to 900°C for several
minutes and then quickly cooled to 525°C under an
environment of a mixed gas of 5% H, in N, at 4x103 Pa (See SI-
1 for experimental details). At 900°C, the Bi catalyst formed
amorphous liquid Bi droplets and the PbSe partially volatilized
(Fig. S3). During cooling, PbSe nucleated and grew within the
amorphous liquid droplet (Fig. 1a-f), where the crystal
structure and amorphous phase were identified by HRTEM
imaging (Fig. 1g) and fast Fourier transform (FFT, Fig. 1h and i).
During the first 17 s, the crystal grew rapidly and the initially
curved lys (Fig. 1a and 1g) evolved into a straight interface on

the (200) plane (Fig. 1c). This straightening is believed to be
driven by a reduction in surface energy, due to the high energy
of the curved surface compared with the lowest surface
energy of PbSe {200}23, During straightening, the growth plane
advanced from the PbSe crystal toward the liquid droplet (Fig.
1j) indicating that the initial growth did not follow a regular
VLS mechanism. Throughout this process, the PbSe crystal
remained in the same orientation [001] (Fig. S4), indicating
the observed curvature was indeed caused by a curved
interface rather than the projection of a tilted flat round
interface (see also SI-3). The source of the initial interface
curvature is unknown; it may reflect early-stage growth
kinetics, potentially reflecting recent suggestions that diffusive
transport can be faster through the bulk than near the droplet
periphery?*. After 17 s, the Is had become flat, but the rapid
growth of PbSe continued in that direction for an additional 37
s. We defined the growth process during these initial ~54 s as
stage | based on growth direction and rate (see the discussion
regarding growth rate below). After ~54 s, the PbSe crystal
started to grow into a nanorod along the (100) direction,
which is reversed from the stage | growth direction (Fig. 1d-f,
and k), while the liquid droplet and I position remained
nearly unchanged (Fig. 1k). This growth process was consistent
with previously reported VLS growth and we defined it as
stage Il. EDS analysis (Fig. S5a) after heating confirmed that the
liquid droplet and the nanorod (Fig. 1) were composed of
Bi/Pb and Pb/Se, respectively.

In addition, due to the unbalanced surface tension (¥) of
YvL, Yvs, and YLs at the triple-phase junction (J1p), lattice strain
(€) was observed in PbSe crystal with the ~4% expansion of
dz00and ~3% shriking of d(o20) (Fig. 2a, b, and d) at 0 s. The €
decreased to ~0 when the relative position (r/R, r is the radial
distance from the center of the spherical cap (Fig. 1b) to the
position where € was measured and R is the radius of the
spherical cap) moved from the Jip (r/R= 1) to r/R < 0.5, After
the Is became flat (17s), the &xx became 0 (Fig. 2d and f)
indicating that YvL and Yvs were roughly equal. This result is
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consistent with the values of Yyr (0.35-0.45 J/m?2 25) and Yvs
(0.32-0.42 J/m? 23) from literatures. &yy at r/R=0.95 was
stabilized at ~0.04 after 17s due to the fixed direction of VLs
(Fig. 2f). When the I;/s was curved, the x (Y1sc0s8) and y (Vis
sinf) components of ¥is resulted in the £xx and eyy(Fig. 2e),
respectively, because YvL and Yvs cancelled out each other.
Our experimental results showed that —&xx/&yy and Yscos6/
Y1sSinB are well consistent (Fig. 2d), further demonstrating
that &xx and ¢&yy are mainly induced by the x and y
components of Vs (see SI-4). However, the chemistry in liquid
drop and at the interfaces may change with time due to the
segregation and depletion of species at the interface. This
affects ¥, hence, €. During growth stage Il (see discussion
below), nucleation occurs at the Jyp, at which lattice distortion
usually increases the nucleation barrier, especially for epitaxial
growth like PbSe. Therefore, it is needed to further study the
effect of material process parameters on lattice strain at the
Jtp, PbSe nucleation, and growth kinetics.

Interfaces of k

No interface migration
Ve J liquid & PbSe
3 <7

—0s

| PbSe-[001] ESicbEY] — 548

Stage Il

ts

Fig. 1 In situ growth process of a PbSe nanorod at 525°C. (a-f)
Sequential HRTEM images of PbSe nanorod during growth. The first
image (0 s) was captured after cooling 2 min. s is delineated by
the white-dashed line. (g) Enlarged HRTEM images of white-boxed
areas in (a). (h) and (i) FFT images of the liquid droplet and the PbSe
crystal, respectively. (j) and (k) Outlines of liquid droplets (solid
lines) and ls (dashed lines) during growth.
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Fig. 2 Surface tension induced lattice strain. (a) and (b) d spacings of
(200) and (020), respectively, at various time and 7/R. (c) Plot of €
with time at the 7/R=0.95. (d) Comparison of the ratios of —&xx/
&yy and cos8/sinf. Schematic illustration of ¥ and € at Jyp for (e) <

17sand (f)>17 S.

HRTEM images (Fig. 3a) verified that the wire grew via a
poly-nuclei growth process during stage |; i.e., PbSe nucleated
synchronously at multiple sites (islands) on the I with
numerous step edges available for growth (Fig. 3a). The islands
had different heights of 4-8 layers of {200} and were
distributed across the I s. PbSe grew fast on these step edges
by direct deposition of highly supersaturated growth species
(Fig. 3b-d). A second PbSe particle in the liquid droplet (Fig. S7,
SI-6-7) indicated a high supersaturation of growth species?® in
the Bi liquid during the initial growth stage.

During stage Il, I /s remained straight and there were no
islands or nucleation on I, for example, at 2563 s (Fig. 3e). A
new step of two layers of (200) plane emerged at the top Jrp
after a further 24 s of in situ heating at 525°C (Fig. 3f). No
other nucleation or growth of PbSe was observed on the
interface (Fig. S8e and j, SI-8), indicating that only one nucleus
formed on J;, during each layer’s growth, corresponding to a
mono-nuclear VLS growth process®. After layer nucleation,
PbSe epitaxially and laterally grew across the (200) plane
interface (Fig. 3h). This VLS mono-nuclear and fast lateral
growth process were also verified by more in situ low
magnification (LM) TEM experiments (S| 9-10). Therefore,
stage Il corresponds to a well-known VLS-controlled growth
process> ©; ie., the catalytic Bi liquid droplet absorbed
precursors from the vapor phase, which crystallized at the I /s
leading to the growth of PbSe crystal along the (100)
direction. However, the mass transport of the precursors
during compound growth was more complex than that of a
single element crystal, and limited knowledge'® '8 was
obtained in previous work. Here, we analyzed the precursor
transport pathways by in situ composition analysis.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Growth mechanisms of a PbSe nanorod. (a) and (b) HRTEM
images of Ij;s (white-boxed area in (c) with 90° rotation) showing
island growth (poly-nuclear mechanism) at 525°C at 11 s and 17 s,
respectively. (c) A TEM image of a liquid droplet at 11s. (d) A
schematic illustration of the poly-nuclear growth mechanism of
stage I. (e) and (f) HRTEM images of I s (white-boxed area in (g)
with 90° rotation), showing VLS lateral growth (mono-nuclear
mechanism) at 525°C at 2563 s and 2587 s, respectively. (g) A TEM
image of wire growth at 2563 s. (h) A schematic illustration of the
mono-nuclear lateral growth mechanism of stage Il. The 63" layer
in (c) and the 119t layer in (g) were identified by lattice intensity
profiles (SI-7). The red spheres in (d) and (h) denoted the atoms on
the 63 layer and the 119% layer of PbSe {200} atomic plane,
respectively.

In situ EDS elemental mapping and composition analysis
during the VLS growth process (stage Il) at 525°C (Fig. 4)
showed that the nanorod was composed of Pb and Se with an
atomic ratio of ~1 (Fig. 4b), while analysis of multiple liquid
droplets showed that they consisted of Bi and Pb, with Pb
atomic ratios ranging from 0 to 85 at. % (Fig. 4c). The wide
range of Pb concentrations found in the Bi liquid droplets is
consistent with the full Bi-Pb liquid miscibility shown in the
binary Bi-Pb phase diagram (Fig. S11b). No Se was detected in
the liquid catalyst from in situ EDS analysis of numerous Bi
catalysts (Fig. 4b-c and Fig. S5b). Unlike Pb, Se had limited
solubility in Bi liquid (Fig. S11c) and was depleted after initial
LS growth. Due to the presence of H, gas in the TEM cell, Se
vapor is expected to react form H,Se gas?’. The theoretical
equilibrium partial pressures of Se and PbSe at 525°C are 1.2 x
108 Pa and 1.6 x 107 Pa?3, respectively, which are significantly
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lower than that of H,Se (~ 200 Pa, calculated based on 5 vol. %
H, in mixed carrier gas at a pressure of 4x103 Pa, SI-11).
Therefore, Se precursors were supplied from a mixed-vapor
phase of PbSe, Se, and H,Se, with H,Se dominating (SI-11).
Based on the EDS results and phase diagram analysis, we
conclude that Pb and Se were supplied separately from liquid
and vapor phases, respectively, during the stage Il growth. As
the main Se precursor, H,Se from the gas phase will diffuse
into the liquid at the J;p and react with Pb precursor in the
liquid phase, inducing growth of the PbSe nanorod. The slow
mass transport of Se precursor from vapor to liquid surface
kinetically limited the PbSe nanorod growth, leading to a
significantly slow wire growth rate (~0.36 nm/min, Fig. 5)
during stage Il. On the other hand, during stage | (Fig. 4d), the
poly-nucleation and fast growth rate of ~¥3.3 nm/min indicate a
high supersaturation in contrast to stage Il. In addition, the
PbSe crystal grew inside the Bi droplet indicating a direct
deposition of precursors through bulk diffusion in Bi liquid
onto the I s instead of VLS. Therefore, during stage I, both Pb
and Se elements were present in the liquid catalyst droplet
and served as growth species leading to a poly-nuclear LS
growth process (Fig. 3).

100
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Fig. 4 In situ EDS composition analysis. (a) EDS mapping of a PbSe
nanorod during the growth process at 525°C. (b) In situ EDS spectra
of the droplet and nanorod (a). (c) Composition analysis of Pb and
Se atomic percentages from numerous Bi liquid droplet at 525°C
and room temperature (RT). (d) and (e) Schematic illustrations of
two growth mechanisms and corresponding mass transport
pathways.

Beside mass transport pathways, the significant difference
of growth rates of stage | and Il was also related to the
supersaturation variation. Higher saturations during stage | will
promote higher nucleation rates?®, Thus, the poly-nuclear
growth process during stage | is an indication of higher
saturation.

The different growth kinetics of stages | and Il can be
quantified using a generalized Avrami model3°. The ratio of
layer nucleation rate (In), to the lateral growth rate (V), is
quantified by the parameter @ =TI,R*/v (where R is the
interface radius). Values of @ > 1 correspond to a poly-nuclear
mechanism, while values of @ <1, correspond to a mono-
nuclear mechanism3°. Based on the experimental growth
kinetics during stage |, the estimated minimum @min (~ 434) is
much larger than 1 (SI-12), indicating a poly-nuclear process.

4 |Nanoscale, 2018, 00, 1-5

During stage ll, the estimated maximum ®max (~ 0.6) is less
than 1 based on minimum v (v = 1/t t; is lateral growth time
for each layer). In the calculation, t; is estimated by
experimental layer growth time, which includes nucleation
time (tn) and t; (SI-12). Generally, the ty is significantly longer
than that of the t; during VLS growth process®. Therefore, the
real @ is < 1 (SI-12), and corresponds to a mono-nuclear
process. The nucleation mechanism theory based on
experimental growth kinetics was consistent with our in situ
observation of nucleation. In addition, we estimated the rate
of nanorod growth (V), as a function of & (the aver1a§e high of
nucleus), In and v. When @ > 1, V = h(nv?l,/3) ! ; when @
&1,V =hnR?1,. The calculated V of stage | and stage Il are
5.4 nm/min and 0.72 nm/min (SI-12), respectively, which were
in the same order of magnitude as the measured Vof ~3.3
nm/min and 0.36 nm/min (Fig. 5). The results of growth
kinetics analysis are consistent with our in situ observation of
poly- and mono-nuclear processes and grow rates during stage
land Il.
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Fig. 5 Growth kinetics of the PbSe nanorod. (a) PbSe nanorod length
along the (100) direction as a function of growth time during in situ
heating at 525°C. (b) Plots of PbSe wire length vs. time and growth
rate during initial 3.3 min showing significant growth rate change at
~54 s, (See SI-8 for length measurement method)

During growth stage Il, we noticed that the diameter of
the PbSe nanorod in our TEM gas cell (Fig. 1i) was thinner than
that of the I s. This was most likely due to PbSe evaporation,
which was verified by in situ heating of the PbSe powder in
TEM (Fig. S3c-f, see SI-13 for details), due to the limited
amount of precursor in the vapor phase instead of atom
migration and shape evolution. The significant wire width
difference between the in situ HRTEM experiment (tens of
nanometers) and in situ LM TEM experiments (nanometers to
microns, Fig. S9-10 and 14) is associated with specific
experimental conditions, ie. the quantity of precursor
powders supplied in experiments (see SI-14 for details).

In summary, our study revealed that PbSe nanowires may
undergo an initial LS growth stage before later transitioning to
the traditional VLS growth pathway. Changes in growth
mechanism are related to supersaturation and mass transport
of precursors. Higher supersaturation during the early LS stage
led to faster nucleation of new crystal layers and produced a
poly-nuclear growth mechanism, rather than the traditional
mono-nuclear process. This highlights the strong correlation
among supersaturation, mass transport pathways, and growth
kinetics, all of which must be considered in order to
quantitatively explain the nucleation and growth mechanisms
and enable control over nanowire growth. Our findings

This journal is © The Royal Society of Chemistry 20xx
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showed that variation in the solubility of growth species and
chemical reaction with the vapor phase played a key role in
controlling mass transport pathways, which will enable the
possibility of controlling the composition, crystal size, and
structure of nanowires that have unique properties.
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