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More than a decade’s worth of research has led to significant progress toward an understanding of
the growth behavior of nanowires (NWs). Among all of the different bottom-up and top-down
strategies, vapor deposition has unique advantages in producing high quality NW structures. This
paper reviews the current understandings of the thermodynamics and kinetics of NW nucleation
and growth behaviors using a vapor deposition approach. NW deposition from the vapor phase is
divided into two general categories: that with and that without foreign metal catalysts. The distinct
crystal nucleation and growth mechanisms, NW morphologies, and controlling parameters of these
two categories are presented in detail and compared. In addition, ways to apply these strategies in
order to realize complex NW structures such as NW heterojunctions and 3D NW networks are
also discussed. The information about NW vapor deposition reviewed in this paper provides a
comprehensive background for understanding NW growth phenomena, ways of achieving
morphology and property control, and how to eventually pave the road toward industrial-level
C 2011 American Vacuum Society. [DOI: 10.1116/1.3641913]
NW manufacturing. V
I. INTRODUCTION
As a result of the rapid progression of modern microelectronics, nanowires (NWs) began to draw the attention of
research communities two decades ago and soon turned into
a very active research field.1–4 Applications of NWs now
span a broad range including diodes,5–9 field effect
transistors,10–13 logic circuits,1,14–19 single electron transistors,20 optoelectronic devices,6–9,21–32 sensors,15,18,24,33,34
thermoelectrical devices,35,36 photocatalysis,37–39 and
piezoelectronics.40–46 In these realms, NW structures exhibit
unique and superior properties compared to their bulk counterparts, properties in which their 1D confined transport of
electrons or photons, large surface area, quantum confinement, and excellent mechanical properties play major
roles.1,11,25,28,31,39,47–49 For example, single-crystalline NW
electrodes were introduced to batteries,50 solar cells,27 and
photoelectrochemcal cells38 for effective charge separation
and collection. Quantum confinement in semiconductor
NWs achieved by tuning the characteristic dimension allows
the creation of photonic and optoelectronic devices that differ dramatically from conventional thin-film-based ones.28
High flexibility and excellent fatigue resistance make NWs
advantageous building blocks for nanogenerators that scavenge mechanical energies from the ambient environment.40,41,43 In addition, the ability to integrate NWs in a
large area with a controlled pattern has created a new path
toward NW-based flexible electronic and optoelectronic
systems that might eventually realize roll-to-roll mass
production.24
One essential aspect of the mass production of NW-based
devices is the uniformity and controllability of the NW’s
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dimensions and properties, which require a comprehensive
and intensive understanding of the 1D growth phenomena. A
number of fundamental problems and issues have been
addressed and solved, leading to an in-depth understanding
of NW growth mechanisms as well as their precise morphology and property control.51,52 Among all NW growth techniques, vapor deposition is the most intensively studied. It can
be considered as a derivative of conventional thin film deposition approaches in which the 1D crystal growth is activated
via the control of certain kinetics. The vapor deposition technique can produce NWs with high crystal integrity, a clear
and clean faceted structure, and controllable composition/
impurity, which are desirable features for high-performance
nanodevices. In this paper, the current understandings of the
thermodynamics and kinetics of the vapor deposition of
NWs are discussed. Significant mechanisms and strategies
for NW morphology control are also reviewed. The information about NW vapor deposition covered in this paper provides a comprehensive background for understanding NW
growth phenomena, achieving morphology and property
control, and eventually paving the road toward industriallevel NW manufacturing.
II. CURRENT SUCCESS OF VAPOR DEPOSITION
FOR NW GROWTH
Generally, the vapor deposition mechanisms of NW
growth can be divided into two categories: those with and
those without foreign catalysts. For vapor deposition with
foreign catalysts, vapor-liquid-solid (VLS) and vapor-solidsolid (VSS) are two basic processes. For vapor deposition
without foreign catalysts, physical vapor deposition and
chemical vapor deposition (CVD) are usually applied. A
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typical VLS process consists of four sequential steps: (1)
transport of the vapor phase precursor, (2) precursor adsorption and desorption at the catalyst surface, (3) material diffusion across the liquid alloy catalyst, and (4) precipitation of
solid crystals forming the NW morphology. In this process,
an appropriate metal catalyst is essential for NW growth. In
the VSS process, the catalyst (alloy) is in a solid phase that
exhibits a different sticking probability of precursor molecules, diffusivity of adatoms, and phase transformation
behavior of the solid alloy. Thus the precipitation rate of
NWs at the catalyst-NW interface can be dramatically different from that of a VLS process. NW growth without foreign
catalysts is rather complicated and involves various growth
mechanisms. Dislocation-driven growth is a popular mechanism in which the anisotropic NW growth is achieved by
preferred deposition at the self-perpetuating spirals of axial
dislocations under low supersaturation. Self-catalyzed
growth is commonly found in compound NWs due to the
noncongruent deposition rates of different components. This
mechanism is also widely used to explain the dislocationfree growth of NWs when no foreign catalysts are applied.
Compared to other growth methods such as wet chemistry
or hydrothermal methods, vapor deposition has many advantages. First, the high quality of the NW’s crystallinity is
secured due to the utilization of high-temperature and highvacuum deposition conditions. Second, because the vapor
deposition process is typically conducted in conventional
thin film deposition systems, knowledge of thin film growth
techniques can be adopted in order to understand NW
growth behaviors. Third, control of the location, composition, dimension, and organization of the NWs can be
achieved in vapor deposition processes via engineering catalysts, growth sites, or precursors. Finally, due to the broad
range of vapor deposition conditions, a plethora of NWs
from various material systems can be synthesized.
Recently, powerful microscopy techniques presented an
in-depth perspective on the thermodynamic and kinetic
growth behavior of NWs. The most studied systems are
metal-Si or metal-Ge, because of their simple phase diagrams
and the moderate requirements for their growth conditions.
Kodambaka et al. used in situ microcopy to clarify the controversial state of catalysts when NW growth occurred below
the eutectic temperature.53 They found that the catalyst’s
state was dependent on the growth pressure and thermal history, which meant that the state could be either liquid or
solid. Kim et al. made quantitative measurements of the
phase diagram of the nanoscale Au-Si system and demonstrated the presence of a distinct shift of the liquidus line and
a discontinuous change in the liquid composition at the transition point.54 Hofmann et al. discovered a ledge propagation
phenomenon that was responsible for the growth of Si NWs
catalyzed by solid PdxSi particles, evidencing a VSS process.55 Similar growth behavior was also observed in
Al-catalyzed Al2O3 NW growth.56 The diameter-dependent
growth of NWs is typically explained by the Gibbs-Thomson
effect, according to which smaller diameter NWs should
grow more slowly than larger ones.57 Recently, Kodambaka
et al. observed that the growth rates of Au-catalyzed Si NWs
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were independent of the NW diameters.58 It was revealed
that the rate-limiting step in their system was the irreversible,
kinetically limited, dissociative adsorption of disilane on the
catalyst surfaces. In addition to these investigations, studies
on NW growth via diffusion-controlled aggregation,59 screwdislocation driven growth mechanisms,52,60 and surface-reaction-limited CVD (Refs. 61 and 62) have also brought us
new concepts and capabilities for NW syntheses with
designed geometries and functionalities.
III. VAPOR DEPOSITION OF NWs WITH FOREIGN
CATALYSTS
A. General VLS growth of NWs

The VLS mechanism was first proposed by Wagner and
Ellis in the 1960s to explain the growth of Si whiskers using
Au as a catalyst, in which the role of Au was to form a liquid
alloy droplet that acted as a preferred site for the deposition
of vapor precursors.51 Stepping into the 21st century with
the emergence of NW structures and their promising applications, the VLS mechanism was re-investigated in order to
clarify the nanoscale crystal growth behavior.63 In 2000,
Duan et al. demonstrated a general VLS process for the synthesis of a NW morphology from a wide variety of compound semiconductor materials including binary III-V
compounds (GaAs, GaP, InAs, and InP), ternary III-V compounds (GaAs/P, InAs/P), binary II-VI compounds (ZnS,
ZnSe, CdS, and CdSe), and the group IV compound
SiGe.64,65 Gudiksen et al. later achieved the diametercontrolled growth of semiconductor NWs by applying monodispersed gold colloids as catalysts, in which the size of the
gold nanoparticles (NPs) determined the diameter of the
NWs [Fig. 1(a)].66,67 The size distribution of the NWs was
also dictated by the distribution of applied catalyst colloids.
The catalyst-determined size control requires minimized lateral growth along the NW side walls, where all of the crystal
deposition should occur only at the catalyst-NW interface. It
was also found that under these ideal conditions, the length
of the NWs was controlled by the growth time [Fig. 1(b)].

FIG. 1. Schematic illustration of the growth of dimension-controlled NWs.
(a) The size of catalysts for NW diameter control. (b) The growth time for
NW length control. Reprinted with permission from M. S. Gudiksen, J. F.
Wang, and C. M. Lieiber, J. Phys. Chem. B 105, 4062 (2001).
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In addition to control of the size and length, the utilization
of metal catalysts is also critical for NW alignment and largearea patterning. Vertically aligned growth is usually achieved
by establishing an epitaxial relationship between the NW lattice and the substrate, whereas position control is often
accomplished by patterning the location of catalysts. In 2004,
Wang et al. combined a self-assembly masking technique
with surface epitaxial confinement to grow vertically aligned
ZnO NWs with hexagonal patterns in large areas (Fig. 2).24
In this approach, a monolayer of close-packed nanospheres
was self-assembled on a single-crystal Al2O3 substrate, acting as a shadow mask for gold catalyst deposition. After the
nanospheres were etched away, hexagonal gold patterns were
left on the substrate, from which ZnO NWs were grown via
the VLS process and arranged in the same pattern.
B. Nucleation of NWs from catalysts

The fundamental thermodynamics that govern the catalyzed nucleation and growth of NWs are generally the supersaturation and phase separation of catalyst alloy droplets.
Therefore, accurate phase diagrams are the first essential
item for studying the formation of NWs in the presence of
foreign catalysts. To date, most phase diagrams used for the
study of NW nucleation and growth have been adopted from
bulk material systems. However, significant variation can
exist when the size of the materials reaches the nanometer
scale. A quantitative measurement of the phase transition of
a nanoscale Au-Si system was conducted by Kim et al., and
substantial differences between the nano- and bulk systems
were discovered.54 In their experiments, the transition from
a two-phase Au-AuSi system to a single-phase AuSi system
was investigated by monitoring the phase transition when
the Si precursor was continuously added onto 35 nm diameter Au NPs. It was found that a smooth phase transition
occurred before the diameter of Au NPs reached 15 nm, and
a much faster shrinking rate was observed when the size of
Au NPs was smaller than 15 nm. According to the ratio
between the liquid AuSi phase and the initial solid Au phase,
the phase equilibrium required recalculation, which revealed

FIG. 2. Aligned ZnO nanorods grown on a sapphire substrate in a hexagonal
pattern. Reprinted with permission from X. D. Wang, C. J. Summers, and Z.
L. Wang, Nano Lett. 4, 423 (2004).
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FIG. 3. (Color online) Au-AuSi phase diagram with the calculated liquidus
line (dashed line) indicating a substantial reduction in the transition temperature. Reprinted with permission from B. J. Kim, J. Tersoff, C. Y. Wen, M. C.
Reuter, E. A. Stach, and F. M. Ross, Phys. Rev. Lett. 103, 155701 (2009).

a substantial shift in both the composition and the transition
temperature of the liquidus line (Fig. 3). This study suggested that the phase diagrams determined for bulk materials
might not reflect the NW phase transformation. Further
adjustment will be needed for the precise prediction of NW
morphology evolution.
Based on the equilibrium phase diagrams, the mechanism
of VLS suggests that the growth of NWs should occur only at
temperatures above the eutectic point of the NW material/
metal catalyst alloy. This is the conventional growth scenario,
and it has been observed and studied in many NW systems.
Nevertheless, recent research has also shown NW growth
below the eutectic temperature in many metal catalyst/inorganic NW systems, including Al/Si, Cu/Si, Ti/Si, Pd/Si, Au/
Ge, Au/GaAs, and Au/InAs.53,55,68–71 The state of the catalysts below the eutectic temperature was found to be critical
in the engineering of complex NW structures such as heterojunctions. For example, because diffusive processes usually
control the interface formation during the growth of NW heterostructures, the catalyst state was designated as the controlling factor for the interface geometry and NW growth rate.
Conventional speculation attributes the existence of liquid
catalysts below the eutectic temperature to the nanoscale
size effect. Through in situ microscopy, Kodambaka et al.
found that in a Ge/Au system, when the temperature is below
the eutectic point, the Au-Ge alloy can be either a liquid or a
solid, and both can catalyze the growth of Ge NWs.53 Figures 4(a)–4(c) show TEM images of the catalyst state for
temperatures of 335  C, 255  C, and 335  C (after being
heated to 435  C), respectively. The time-dependent change
of the growth temperature is shown in Fig. 4(d). At the regular growth temperature of 335  C, the catalyst alloy exhibited
a liquid phase. When the temperature dropped to 251  C, the
catalyst solidified, as evidenced by the appearance of the
polyhedral shape of the catalyst particle. The solid state of
the catalyst was maintained when the temperature was
increased back to 335  C. The liquid state did not appear
until the temperature reached a much higher point (435  C).
Then the temperature was again reduced to 335  C, and the
liquid state persisted. This process demonstrated that the catalyst state was dependent on the thermal history of the
growth condition. In the temperature range from 250  C to
400  C, when the catalysts were solid, the growth rate of the
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FIG. 4. (Color online) (a)-(c) TEM images showing the catalyst state in an Au-Ge system when the temperature is 335  C, 255  C, and 335  C (after heating to
435  C), respectively. (d) Thermal history of the catalyst. Reprinted with permission from S. Kodambaka, J. Tersoff, M. C. Reuter, and F. M. Ross, Science
316, 729 (2007).

NWs was found to be 1 to 2 orders of magnitude lower than
that of those catalyzed by the liquid alloy because of the low
surface reactivity and/or poor diffusivity through the solid
droplet.
It was also revealed that whenever the precursor (Ge2H6)
partial pressure was reduced during the VLS process, the catalyst droplet would solidify. Stabilized liquid catalyst droplets were observed on larger NWs, which is in contrast to the
Gibbs-Thomson effect, by which smaller NWs are more
favorable for liquid catalyst stabilization. This observation
could be explained by considering the nucleation of solid Au
NPs as the dominating step in catalyst solidification. Based
on the Au-Ge phase diagram shown in Fig. 5, solidification
could occur only in the region below the Au liquidus line,
where Au was stable. In a Ge-rich condition, the Au liquidus
line could extend below the eutectic point. Therefore, it was
the supersaturation of Ge in the alloy that helped stabilize
the liquid phase below the eutectic point. Quantitatively, a
4% increase of the Ge concentration could sustain the liquid
phase against Au nucleation at temperatures as low as
260  C.
Recently, Kim et al. conducted an in situ characterization
in order to obtain an in-depth understanding of the nucleation stage of NWs using an Au-Si VLS system.72 Si nucleation was found to occur at the edge of the Au-Si alloy

droplet, revealing this as the favorable location for a minimum nucleation barrier [Fig. 6(a)]. After a certain period of
incubation, the Si nuclei exhibited a short and rapid growth
stage followed by a steady but significantly reduced growth
rate [Fig. 6(b)]. Larger droplets were found to have a longer
incubation time and a larger initial jump of the nuclei sizes.
This behavior can be explained by a heterogeneous nucleation mechanism in which a nucleation barrier for the solid Si
phase always exists on a non-Si substrate. Thus, the nucleation of Si would occur only when the nucleation barrier was
surpassed by a Si concentration higher than the supersaturation level. Once the first solid Si phase was formed, most of
the supersaturated Si component in the alloy liquid would be
quickly precipitated out, presenting a fast growth spurt. After
the concentration in the alloy droplet reached equilibrium, a
steady growth of Si nuclei was obtained upon the supply of
Si precursors, as shown in the slowing-down region in Fig.
6(b). Figure 6(c) shows the nuclei size and growth time relationships under a pressure that was several times lower than
those studied in Fig. 6(b). A much longer incubation time
was observed because of the reduced availability of precursors. Plots of r3 =R3 versus ðP=RÞðt  tn Þ in Fig. 6(d) illustrate that the supersaturation required for Si NW nucleation
was actually independent of the precursor pressure and catalyst size. An understanding of individual nucleation phenomena is particularly valuable for improving the reproducibility
and uniformity of NWs.
C. Interface between the catalyst and the NW

FIG. 5. (Color online) Phase diagram of Au-Ge binary compounds. The
dashed curve is the extension of the Au liquidus line below the eutectic
point. Reprinted with permission from S. Kodambaka, J. Tersoff, M. C. Reuter, and F. M. Ross, Science 316, 729 (2007).

The thermodynamics of a VLS process tells us that solid
crystals precipitate out from the supersaturated catalyst alloy
and form NWs; the NW morphology is largely controlled by
kinetic issues such as the catalyst-NW interface, deposition
conditions, surface diffusion properties, and NW composition. Among these, the configuration and properties of the
catalyst-NW interface are particularly important for understanding and controlling the growth of NWs. Hofmann et al.
investigated the ledge-flow-controlled catalyst interface during Si NW growth catalyzed by solid Pd NPs.55 A video-rate
environmental TEM was used in their study. The lateral
propagation of the ledge was observed to be the NW growth
mode. Ledge flow began at the NW edges as shown in Fig.
7(a), in which the beginning point of the ledge is marked by
an arrow. It was also found that the maximum ledge flow
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FIG. 6. (Color online) (a) TEM images showing the Si nucleus captured at different times. The scale bar is 10 nm. (b) Time dependent linear dimension r of
the Si nuclei under the same nucleation conditions. R represents the initial catalyst radius. (c) Time dependent linear dimension of the Si nuclei under a precursor pressure lower than that in (b). (d) Plots of r3/R3 vs (P/R)(t  tn) for all of the nuclei analyzed at one temperature and four different pressures. Reprinted
with permission from B. J. Kim, J. Tersoff, S. Kodambaka, M. C. Reuter, E. A. Stach, and F. M. Ross, Science 322, 1070 (2008).

velocity did not scale with the step height. Therefore, a
nucleation-limited mechanism was proposed as the ratelimiting step. The process of ledge flow is shown in Fig. 7.
During this process, Pd diffused away from the PdxSi-Si
interface to the front surface of the PdxSi droplet and reacted
with excess Si decomposed from the disilane precursor
vapor. Meanwhile, Si atoms diffused to the PdxSi-Si interface for NW growth, which was evidenced by the movement
of the ledge. Similar ledge-flow growth phenomena have
also been observed by several other groups studying AuAl/
SiGe and Al/Al2O3 material systems with either liquid or
solid catalysts, indicating that this interfacial dynamics could
be a general growth model for metal-catalyzed NW growth.
After solid NW crystals are precipitated from the catalyst
alloy droplet, the NW morphology is usually dominated by
the surface energy that thermodynamically defines the side
facets and cross-section of the NWs. Kinetic control can
allow for more adjustments to the shape of the NWs. Ross et
al. found a sawtooth faceting phenomenon in Si NW
growth.73 Periodic sawtooth faceting reflected an oscillatory
growth process. The facet switch was explained based on the
interaction between the geometry and the surface free ener-

gies of the NW and the liquid catalyst alloy. In situ TEM
was conducted in order to investigate the growth front. This
observation ruled out possible mechanisms including the
crystallization and oxidation of the catalyst droplet when the
system was cooled down and the noncatalytic deposition
process that usually obscured the morphology of the NW
sidewalls.
Figure 8(a) shows the sawtooth faceting of Si NWs grown
in a high vacuum system. The Si NWs were grown along the
h111i direction and exhibited a triangular cross-section composed by three {211} facets. The sawtooth feature was found
along the edge of the {211} side walls [Figs. 8(b) and 8(c)].
Defocused imaging was applied in order to highlight such
tiny surface features along the side walls of the Si NW. The
sawtooth had a uniform periodical length of 70 nm (p) and
was only 10 nm tall (h) [Fig. 8(c)]. A simple model was
introduced to explain this observation, as shown in Figs. 8(d)
to 8(f). When the NW grew wider, an inward force was generated as the Au-Si droplet was stretched thinner, and this
was responsible for the appearance of new facets along the
edges of the side facets [Fig. 8(d)]. Similarly, an outward
force due to the narrowing of the NW would favor the

FIG. 7. (a)-(c) TEM image sequence of Si NW growth at different elapsed times. Reprinted with permission from S. Hofmann, R. Sharma, C. T. Wirth, F.
Cervantes-Sodi, C. Ducati, T. Kasama, R. E. Dunin-Borkowski, J. Drucker, P. Bennett, and J. Robertson, Nature Mater. 7, 372 (2008).
JVST B - Microelectronics and Nanometer Structures
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state catalysts. Wen et al. selected an Al-Au solid alloy
rather than the liquid metal-semiconductor eutectic droplets
and applied the VSS mechanism to grow Si-Ge NW heterojunctions, as shown in Fig. 9.68 With this method, defectfree and atomically abrupt interfaces between Si and SiGe
were produced.
The ledge flow mode was also observed in this VSS process, in which a ledge nucleated a few seconds after the
propagation of the previous one. In the VLS process the
ledge propagation was usually too fast to capture with a
TEM camera, and the incubation time for newly formed
ledges was as long as 12 s. These observations could also be
explained by the lower solubility of Si and Ge in solid state
catalysts, with which a tiny amount of excess Si or Ge was
enough for ledge nucleation, resulting in much shorter nucleation incubation times. The limited supply of excess Si or
Ge therefore slowed down the propagation of ledges compared to the VLS process. This strategy could also be applied
for doping control of semiconductor NWs, for which sharp
electrical interfaces are always desired.

D. Growth rate and length control

FIG. 8. (Color online) (a) TEM image of an Si NW with sawtooth facets. (b)
Schematic of the Si NW facet configuration. (c) Defocused TEM image
highlighting the sawtooth structure; p and h denote the sawtooth period and
amplitude. The scale bar is 50 nm. (d)-(g) Schematic illustration of the sawtooth growth model. Reprinted with permission from F. M. Ross, J. Tersoff,
and M. C. Reuter, Phys. Rev. Lett. 95, 146104 (2005).

widening of the facets [Fig. 8(b)]. Assuming that the catalyst
droplet retained the same volume during the growth, the
widening and narrowing processes would occur alternately,
forming the sawtoothlike edges. This finding showed that
adjusting the wetting property of catalysts would allow us to
manipulate NW surface features.
Catalysts are also key for controlling the NWs’ composition during growth, such as the formation of NW heterojunctions. For example, Si-Ge segmented NWs have
conventionally been made by alternately feeding Si and Ge
precursors.74 With this method the interface shows a broad
diffusive gradient that is vital for junction-based electronics.
A “reservoir effect” was used to explain this diffusion phenomenon.68 When the vapor supply is switched, there is an
interim period for the depletion of the previous precursor
that inevitably leads to a mixture of Si and Ge. Therefore,
due to the high solubility of Ge and Si in Au or other similar
metal catalysts, it is challenging to avoid the diffusive heterojunctions in NW growth. Considering that the solid catalyst
has a lower solubility compared to Si and Ge, it might be
possible to achieve an abrupt interface by maintaining solid

Length is one of the most important parameters of NW
morphology. Determining the growth rate of NWs would
help us to choose the proper growth conditions to obtain
predicted lengths of NWs. Conventional theory for NW
growth in a VLS process uses the Gibbs-Thomson effect to
describe the size-dependent NW growth rate.51 According
to the Gibbs-Thomson effect, the decrease of the supersaturation can be given, in terms of the VLS NW growth system, as
Dl ¼ Dl0  4Xa;

(1)

where Dl is the effective difference between the chemical
potentials of Si in the vapor phase and in the NW state, Dl0
is the same difference when the NW diameter d becomes infinite, a is the specific free energy of the NW surface, and X
is the atomic volume of Si.
The growth rate V is usually given by
 n
Dl
:
(2)
V
kT
Substituting Eq. (1) into Eq. (2) gives
ﬃﬃﬃ 4Xa p
ﬃﬃﬃ 1
p
ﬃﬃﬃﬃ Dl0 p
n
n
n
V¼
b
b ;
kT
kT
d

(3)

where b is a kinetic coefficient independent of supersaturation. Equation (3) thus presents a general relationship
between the NW diameter and the growth rate.
This relationship was recently confirmed by a series of
reports.51,57 Figure 10 illustrates the dependence of the
growth rate of Ge NWs on the temperature and pressure.
Figures 10(a)–10(d) show Ge NWs catalyzed by different
sized Au NPs under the same growth conditions. Figure
10(e) is a plot of the square root of the growth rate v as a
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FIG. 9. (a)-(c) Series of TEM images captured (a) before, (b) immediately after, and (c) 14 s after the solidification of the catalyst. (d)-(i) Series of TEM
images showing the formation of an Si-Ge-Si heterojunction in an Si NW. (d) Growth of Si NW with feeding of Si2H6. (e) Growth of the Ge segment with
feeding of Ge2H6. (f) After 7 min of growth of the Ge layer. (g) After 8.5 min of Si growth. (H) After 14 min of Si growth. (i) After another minute of Ge
growth. Reprinted with permission from C. Y. Wen, M. C. Reuter, J. Bruley, J. Tersoff, S. Kodambaka, E. A. Stach, and F. M. Ross, Science 326, 1247
(2009).

function of 1/d at different temperatures, indicating that the
index n here has a value of 2 following the Gibbs-Thomson
effect. Figure 10(f) presents the general relationship between
v/b and d, suggesting that a larger kinetic coefficient b could
lead to a higher growth rate of the NWs. The plots in Figs.
10(g) and 10(h) further demonstrate the preservability of the
Gibbs-Thomson effect at different precursor partial pressures. Linear relationships were also obtained between v1/2
and 1/d, and higher growth rates were found at higher pressures. Similar slopes among different pressures, as shown in
Fig. 10(h), revealed that the change in pressure has a negligible effect on the kinetic coefficient b. An understanding
based on the universal Gibbs-Thomson effect could lead to
rational control of the NW dimensions.
Most reports have presented a Gibbs-Thomson effect type
of growth rate, suggesting that the growth of NWs is mostly
dictated by thermodynamic equilibrium. However, if the
growth were kinetically controlled, a diameter-independent
growth rate in the VLS growth should be possible. Basically,
there are four rate-determining steps in a VLS process: (i)
mass-transport in the vapor phase, (ii) chemical reaction or
absorption at the vapor-liquid interface, (iii) diffusion across

the liquid phase, and (iv) incorporation of the growth material into the NW lattice. Kodambaka et al. recently reported
a diameter-independent growth rate of Si NWs.58 The irreversible, kinetically limited, dissociative adsorption of disilane precursor directly on the catalyst surface was found to
be the rate-limiting step for NW growth, and led to a nearly
constant growth rate of 5  102 nm/s for NWs with diameters ranging from 50 to 150 nm [Fig. 11(a)]. This growth
behavior is contrary to the classical Gibbs-Thomson effect.
Figure 11(b) shows a TEM image of as-grown Si NWs with
a large variety of diameters. This new discovery provides an
alternative route for achieving control of the size and length
of NWs by modifying the growth conditions or by selecting
precursors.
E. Substrate-related NW growth model

Another important aspect of metal-catalyzed NW growth
is the substrate, which defines the growth orientation, the
NW distribution, and even the morphologies. In most cases,
the supporting substrates are different materials than that of
the NWs due to the substrate availability or application
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FIG. 10. (Color online) (a)-(d) SEM images of Ge NWs catalyzed by different sized Au NPs. (e) Plot of v1/2 vs 1/d at different temperatures. Inset is a plot of
the critical diameter determined from the interception as a function of temperature. (f) Plot of the growth velocity normalized by the kinetic coefficient b
acquired from the data presented in (e). (g) Plot of the NW length vs the diameter for different precursor partial pressures. (h) Plot of v1/2 vs 1/d acquired from
the data shown in (g). Inset is a plot of the critical diameter as a function of the precursor partial pressure. Reprinted with permission from S. A. Dayeh and S.
T. Picraux, Nano Lett. 10, 4032 (2010).

demands. Growing NWs with a vertical or parallel alignment
requires matching lattices between the NW and substrate.
Mismatched lattices change the growth behavior of the NWs
and thus influence the final morphologies. Shi et al. adapted
the Stranski-Krastanow (SK) mode to the heteroepitaxial

FIG. 11. (Color online) (a) Plot of dL/dt (length/time) vs d (diameter) for an
ensemble of Si NWs grown at the same temperature and precursor partial
pressure. (b) TEM image showing the different sizes of the Si NW samples.
Reprinted with permission from S. Kodambaka, J. Tersoff, M. C. Reuter,
and F. M. Ross, Phys. Rev. Lett. 96, 096105 (2006).

growth of NWs and suggested three general growth modes
(SK, island SK, and coherent SK) covering all phenomena
observed in NWs epitaxially grown on single-crystalline
substrates (Fig. 12).75 First, NWs can grow vertically on a
thin and defective film made of the NW material deposited
on top of the substrate [Fig. 12(a)]. This film serves as a
buffer layer, and NWs growing above it can thus be considered as a homoepitaxial growth. Figure 12(d) shows such a
situation in which vertical ZnO NWs were grown on a very
thin layer of ZnO network. The size of these NWs has a
wide distribution. As is schematically shown in Fig. 12(a),
misfit dislocations were simply used to represent the complicated defects of the thin films. Due to the appearance of a defective heteroepitaxial thin film (or continuous network)
prior to the NW formation, this growth behavior is attributed
to the general SK mode. In other situations, a large coneshaped base would form beneath a long, vertical ZnO NW
with uniform thickness [Fig. 12(b)]. Experimental observation showed that the size and size distribution of the NWs in
this category were smaller than those of the NWs from the
SK mode. This was a common phenomenon when vertically
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applied to ZnO nanofins grown on GaN and ZnO NWs
grown on sapphire, which demonstrates the generality of the
SVD model for understanding the heteroepitaxial growth
behaviors of various nanostructures. This work provides general guidance for interface engineering in nanostructure and
nanodevice fabrication, as well as for predicting the size,
the morphology, and even the quality of the desired
nanostructure.
IV. VAPOR DEPOSITION OF NWs WITHOUT
CATALYSTS

FIG. 12. (Color online) Three suggested heteroepitaxial growth modes of
NWs. (a) The SK mode, in which a defective film forms between the solid
substrate and strain-free NWs. (b) The i-SK mode, in which a cone-shaped
base forms beneath the NW. (c) The c-SK mode, in which dislocation-free
NWs directly grow on the substrate surface without any intermediate structure. (d)-(f) Typical SEM images showing ZnO NWs grown on a GaN substrate via the SK, i-SK, and c-SK modes, respectively. (g) Critical length vs
radius plot of dislocation free ZnO NWs. Triangles, circles, and stars represent experimental data measured from ZnO NWs grown on a GaN substrate
via the SK, i-SK, and c-SK modes, respectively.

aligned NWs were grown discretely with respect to one
another [Fig. 12(e)]. Similar to the continuous film, the large
base beneath the NW might also contain dislocations that
reduce the misfit strain energy at the interface. Therefore,
this behavior is defined as the island SK (i-SK) mode. The
least common phenomenon is that in which vertical NWs
grow on the bare substrate surface without any transition
structures [Fig. 12(c)]. Figure 12(f) shows that this type of
NW had the smallest average size and a narrow size distribution. NWs with such small sizes were generally found to be
dislocation free. Accordingly, this growth behavior is
defined as the coherent SK (c-SK) mode.
A strain-versus-dislocation (SVD) model was established
in order to define these three modes. The SVD model analyzes the competition between the strain energy and the dislocation energy at the NW-substrate interface. Experimental
data acquired from ZnO NWs grown on GaN substrates via
the three modes exhibited a good match to the theoretical
prediction [Fig. 12(g)]. NWs could be grown coherently on
the substrate only when their sizes were smaller than the critical size. A defective intermediate structure was found to be
necessary for the growth of nanostructures larger than the
critical size. The SVD model has also been successfully

Foreign metal catalysts are widely used to direct the orientation and control the size of NWs, and they are intensively studied and well understood. However, contamination
from catalysts and the limited selection of morphologies are
the main drawbacks of the foreign-metal-catalyzed growth
of NWs. Alternatively, NWs can be synthesized without
using any foreign catalysts via a vapor deposition process.
This offers a high lattice purity that is beneficial in many
ways, such as eliminating unintentional doping and avoiding
the poisonous effect of transition metals. It could also create
many more morphologies, including nanobelts (NBs), nanocombs, 3D NW networks, and so forth.76–79 Although this
strategy has been widely used in NW synthesis, the growth
mechanisms are less defined than those of metal-catalyzed
NW growth. Typically, it is recognized that NWs are formed
either directly from the vapor phase through a vapor-solid
(VS) process or from an excess of metal adatoms through a
self-catalyzed process. In this section, the most up-to-date
research on the growth mechanisms is reviewed and
discussed.
A. Vapor-solid deposition of 1D nanostructures

One typical advantage of not using catalysts in NW
growth is the ability to create a large variety of morphologies. NBs, as one special NW configuration, are a typical
example of noncatalyst-synthesized nanostructures and can
be made from ZnO, CdS, SnO2, CdO, Ga2O3, PbO2, In2O3,
and more.80 Pan et al. first reported the creation of this structure via the thermal evaporation of oxide powders.78 In their
design, the precursor powders were heated to a high temperature and decomposed into metal vapor and oxygen. The
recombination and deposition of metal and oxygen in the
low temperature region produced the NB structure on ceramic substrates without introducing any foreign catalysts.
Figure 13 shows the as-synthesized beltlike structure of
ZnO, in which the single-crystalline crystal structure, uniform width and thickness, and high flexibility can be clearly
observed. The authors attributed the growth mechanism to a
VS process in which the NBs were directly formed via the
solidification of the vapor phase due to the rapid temperature
drop at the deposition region. Without the restriction of
metal catalysts, crystals could be deposited along any possible facets when the vapor phase was supersaturated. Different surface energies and distinct growth rates along different
crystal facets were believed to be the main reasons for the
formation of the NB morphology.
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FIG. 13. (a)-(c) TEM images of as-synthesized ZnO NBs growing along the [0001] direction. Reprinted with permission from Z. W. Pan, Z. R. Dai, and Z. L.
Wang, Science 291, 1947 (2001).

More NB-related morphologies were discovered following the same or a slightly modified synthesis approach.81,82
When the exposed surface of a ZnO NB was the polar
{0001} facet, long-range electrostatic interaction could lead
to circular folding of the NB. Loop-by-loop winding of the
NB created unique ZnO nanoring structures.82 Short-range
chemical bondings between loops were found to result in the
formation of seamless single-crystalline nanoring side walls.
Another unique circular structure of ZnO made via VS processes was a rigid nanohelix structure, as show in
Fig. 14(a).81 The helix configuration was formed spontaneously by an abrupt structural transformation from a c-plane
dominated NB to a superlattice-structured NB [Figs.
14(b)–14(d)]. The superlattice consisted of alternatively orientated crystal stripes that yielded a constant strain along the
NB superlattice, leading to the rigid and uniform nanohelix
[Fig. 14(e)].

explanation for the 1D growth behavior of a number of NW
systems and enhanced our capability of controlling the dimension and morphology of NWs.
C. Active surface mechanism

It is also obvious that not all NWs are grown with dislocations. In fact, the growth of dislocation-free NWs might be
vital for advancing electronic, magnetic, mechanical, and
thermal properties of NW-based devices. Recently, Shi et al.
demonstrated a surface-reaction-limited pulsed CVD
(SPCVD) technique that can grow dislocation-free TiO2

B. Screw-dislocation driven NW growth

In the research history of the VS process, screw-dislocation-driven growth was a popular explanation for the formation of whisker structures before the era of the VLS process.
Recently, led by the discovery of pine tree nanostructures
from PbS and PbSe, this mechanism has started to draw
researchers’ attention again in order to clarify and explain the
growth of NWs through a VS process.60,83 This mechanism
suggests that axial screw dislocations could provide the selfperpetuating steps toward a preferred anisotropic axial growth
(Fig. 15). Bierman et al. systematically studied the screwdislocation driven mechanism.60 In their report, the CVD process was applied in order to synthesize pine-tree-like PbS
hierarchical nanostructures, and a screw dislocation was
imaged via diffraction contrast TEM. The Eshelby twist of the
screw dislocations was found to contribute to the rotation of
the trunks and thus their helically rotating epitaxial NW
branches. Morin et al. further investigated the kinetics of this
growth mode in a solution-based NW growth system.52 It was
found that the growth rate was linearly related to the supersaturation of the nutrient solution by realizing the screw-dislocation-driven growth of ZnO NWs, as shown in Fig. 15(e). The
screw-dislocation-driven growth model provided a sound

FIG. 14. (Color online) (a) ZnO nanohelix with its starting point and finishing end. (b) Low-magnification TEM image from the starting point of a
nanohelix. (c) Transition region from a single crystalline structure to a
superlattice structure acquired from (b). The top inset shows the selective
area electron diffraction (SAED) pattern of the superlattice segment, and the
bottom inset shows the ZnO (0001) diffraction pattern from a regular single
crystal area. (d) High resolution TEM demonstrates a clear cutting line from
the point at which the structural transformation occurs across the entire
width of the NB. Mismatch edge dislocations are also identified. (g) Schematic sketches illustrating the top, cross section, and 3D structure of a nanohelix. Reprinted with permission from P. X. Gao, Y. Ding, W. J. Mai, W. L.
Hughes, C. S. Lao, and Z. L. Wang, Science 309, 1700 (2005).
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FIG. 15. (Color online) Schematic illustration of (a) the layer-by-layer crystal growth model, (b) a lattice step created by a screw dislocation, (c) the
screw-dislocation-driven growth model, and (d) the screw-dislocationdriven growth of a NW trunk with VLS type NW branches. (e) Theoretical
growth rates of ZnO NWs as a function of supersaturation for a dislocation
mechanism (solid line) and a layer-by-layer mechanism (dashed line), with
experimental rates indicated by solid squares. Reprinted with permission
from S. A. Morin, M. J. Bierman, J. Tong, and S. Jin, Science 328, 476
(2010); S. Jin, M. J. Bierman, and S. A. Morin, J. Phys. Chem. Lett. 1, 1472
(2010).

nanorods (NRs) and NWs without using any foreign catalyst.61,62 TiO2 NRs were grown by applying cycles of precursor pulses (TiCl4 and H2O) separated by inert gas
purging. This process is very similar to the atomic layer deposition technique, but it involves a significantly higher deposition temperature. The anisotropic growth of TiO2 was
believed to be the result of the combined effects of the
surface-related precursor molecule absorption and reaction.
The (001) surface of the anatase TiO2 crystal was proposed
as an essential element for the formation of a NR
morphology.
Figure 16(a) shows the crystal structure of anatase TiO2;
the {001}, {011}, and {100} facets are highlighted by horizontal, tilted, and vertical slabs, respectively. Each plane
includes one randomly selected Ti atom (white) and all of its
neighboring Ti atoms, which can bond with the selected Ti
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through an intermediate O atom. Three types of neighboring
Ti atoms can be categorized: (1) An incorporated Ti atom
(black) lies inside the crystal lattice and is chemically inert.
It is considered as the atom that previously provided the
chemical bonding site to a TiCl4 molecule and captured it on
the surface. (2) A far neighbor (purple or dark sphere) is the
Ti atom that is 3.78 Å away from the center Ti atom. (3) A
near neighbor (green or light sphere) is the Ti atom that is
3.04 Å away from the center Ti atom. The numbers of Ti
neighbors on different atomic planes and their relationships
to one another are summarized in Table I.
It is assumed that the possibility of self-combination
between near neighbors is significantly higher than that
between far neighbors. Thus, during a long purging time (60 s)
at a sufficiently high temperature (600  C), the system
approaches the limit at which all near neighbors have undergone self-combination with one another but some of the far
neighbors still remain active. On the basis of this rationale, the
{100} and {011} surfaces would become inert before the subsequent TiCl4 pulse because of the existence of three near
neighbors that would consume all active -OH groups via selfcombination. Therefore, these two surfaces might not be favorable for absorbing precursor molecules for surface chemical
reactions during the pulsing and purging stages. However, the
{001} surface would maintain its chemical activity because of
the existence of only one near neighbor. The large number of
active functional groups would allow for the strong absorption
and quick reaction of precursor molecules on this surface.
Figure 16(c) schematically illustrates the growth fronts at
the (001) and (100) surfaces in such an ideal case in which
the surfaces are covered by -TiCl3 active groups after the
TiCl4 pulse. During the H2O pulsing and subsequent purging
periods at high temperature, the -Cl atoms react with H2O.
On the (100) surface, the majority of -TiCl3 groups become
inactive due to self-combination among near neighbors. The
(001) surface, however, is dominated by far neighbors. Thus,
the self-combination probability is much lower on this surface, leaving a significant amount of active surface -OH
groups that could effectively absorb the unreacted TiCl4 and
H2O molecules. The active surface and sufficiently absorbed
precursors make the chemical reaction rate faster on the
(001) surface than on the inert {011} or {100} surfaces.
Therefore, anisotropic NW growth is achieved. One unique
merit of this technique is the use of two separated precursors,
which could effectively decouple the NW growth rate from
the precursor concentration, allowing the deposition of NWs
inside highly confined spaces. This mechanism could also
possibly be applied to other material systems for which
pulsed growth is possible and which have low-energy surfaces that exhibit sufficiently different self-combination and
restructuring processes.
D. Self-catalyzed mechanism

Self-catalyzed growth is another widely accepted mechanism for the vapor deposition of NWs from binary compounds without any foreign catalysts. This mechanism is
more obvious when the compounds have a metal component
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FIG. 16. (Color online) Understanding the TiO2 NR growth mechanism. (a) Crystal structure model of a 2  2  2 supercell of anatase TiO2, in which the
(001), (011), and (100) planes are highlighted by horizontal, tilted, and vertical slabs, respectively. (b) Ball-and-stick model of the {001}, {011}, and {100}
cleavage surfaces centered with a randomly selected Ti atom (white). Green (light) and purple (dark) Ti atoms represent the near and far neighbors, respectively, relative to the center Ti atom. (c) Schematic illustration of one ideal pulsed CVD growth cycle. The left-hand side shows the (001) and (100) planes after a TiCl4 pulse. The right-hand side shows the situation after a subsequent water pulse. The (100) surface becomes inert due to the near-neighbor selfcombination, whereas the (001) surface remains active with the Cl replaced by -OH groups.

with a low melting temperature, such as In, Ga, etc., whereas
it is rarely observed in oxide systems due to the rapid oxidation rates at high deposition temperatures.
ZnO is a material for which the self-catalyzed growth
mechanism has often been proposed because of its
Zn-terminated (0001) polar surface that is chemically active
and which always serves as the growth front. Although direct
observations of the Zn catalyzed growth mechanism are still
lacking, indirect evidence has been reported by different
groups. Through high-resolution TEM (HRTEM) imaging,
Wang et al. observed Zn clusters at the tip of small ZnO NW

TABLE I. Number of far-neighbor or near-neighbor Ti atoms with respect to
a randomly selected center Ti atom.
Atomic plane

Number of far neighbors

Number of near neighbors

{001}
{100}
{011}

1=2  2 þ 1  2 ¼ 3
1=2  2 ¼ 1
1=2  2 ¼ 1

1=2  2 ¼ 1
1þ 1=2  4 ¼ 3
1þ 1=2  4 ¼ 3

side branches on ZnO nanocomb structures, suggesting a
self-catalytic growth mechanism.77 Shi et al. reported other
indirect evidence of the Zn clusters’ catalysis of the growth
of ZnO NWs.84 When the deposition temperature was
increased while maintaining a reasonable vapor supersaturation, a Zn cluster drifting effect was observed. The dynamic
drifting path of Zn clusters was made visible by ZnO deposition on the drifting trace, which provided a reference for the
catalyst behavior prior to NW growth [Fig. 17(a)]. This phenomenon also explains the formation of nanowall network
structures as a result of the Brownian motion of the catalyst
droplet. This discovery led to the synthesis of partially parallel aligned ZnO vertical nanofin arrays by intentionally
designing the surface inclination of the substrates [Fig.
17(b)]. The observation of the Zn cluster drifting phenomena
was evidence of the self-catalyzed growth mechanism of
ZnO NWs. This phenomenon could also occur on other
metal-oxide materials and would provide new insight into
nanofabrication and nanodevice development.
Another self-catalyzed ZnO nanostructure was discovered
by substantially reducing the deposition pressure at high
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FIG. 18. (Color online) SEM images of ZnO nanoflower structures. (a)
Overview of dense ZnO nanoflowers grown on alumina substrates. (b) A
cluster of nanoflowers in which a tapering structure of the nanoflower stems
and a spherical growth front of the corollas can be observed. (c) SEM image
of a representative nanoflower corolla showing that it is constructed by the
tiny petals.

FIG. 17. (a) ZnO NW-nanofin structures on a concave surface demonstrating
the dynamic drifting path of Zn clusters. (b) A partially parallel aligned ZnO
nanofin array.

temperature (1400  C) so that a Zn rich growth condition
was realized.76 Under this growth condition, the substrate
was covered with semialigned flowerlike nanostructures.
Each flower either directly grew from underneath the substrate or was derived from one crystal core [Fig. 18(a)]. The
dimension and morphology of each flower are nearly identical. Closer examination showed that each nanoflower was
composed of one stem (15 to 20 lm long) and one corolla
(3 lm in width and 2 lm in height) [Fig. 18(b)]. The
stems exhibited a tapering structure with tips of several hundred nanometers and roots of 2 lm. It can also be seen that
the surface of the stem was rather rough and did not show
the regular hexagonal shape [Fig. 18(c)].

The most unconventional structure was found at the petal
tip. Unlike typical ZnO NWs, which usually exhibit a flat
(0001) growth front surface, all of the petal tips were hemispherical.76 They all showed a very close curvature and radius, as well as dislocation-free crystalline lattices. No
wetting layer, catalyst trace, or amorphous shell was identified in these petal tips. This unique tip structure indicates
that during the growth, a noncrystalline or liquid state could
exist that converts the faceted top (0001) surface into an isotropic hemispherical shape. Furthermore, the growth directions of these petal tips, as highlighted by the arrows shown
in Figs. 19(a)–19(c), are not parallel to the [0001] direction.
This observation suggests that although the overall petal
grew along the [0001] direction, the petal tip tended to shift
away from the [0001] direction, most likely due to the precursor supply, thereby expanding the corolla laterally. The
hemispherical tip and the ability to shift the growth direction
while maintaining a perfect single-crystalline lattice imply a

FIG. 19. HRTEM images of the petal tips that are found to be spherical. The growth directions of the petals are not parallel to the [0001] direction. The spherical shape of the petal tips and their random growth orientations are typical observations.
JVST B - Microelectronics and Nanometer Structures
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possible VLS growth process of the petals, with which the
most likely liquid phase would be Zn clusters that condensed
from the Zn vapor.
Recently, a direct observation of the self-catalyzed
growth of oxide NWs was obtained through an in situ microscopy approach.56 The atomic level self-catalyzed growth
of sapphire (Al2O3) NWs was imaged via HRTEM by heating a sapphire crystal to above 660  C in situ while irradiating it with a focused electron beam. NWs of various
diameters were obtained because of the large size distribution of the Al droplets. The role of the Al droplet was to
deliver oxygen and Al2O byproducts to the NW’s growth
front, which is similar to the function of metalsemiconductor alloy catalysts in VLS processes. During the
growth, (01
12) and (0114) facets on the periphery of the NW
preserved the force balance along the VLS boundaries. Oscillation in size was observed on these facets during the
dynamic growth and dissolution reactions. Oxygen diffused
along the liquid-vapor interface to the NW’s top rim and
facilitated growth on the (0112) and (0114) facets, as evidenced by the shrinkage of these two surfaces [Figs.
20(a)–20(c)]. When these facets reached the minimum size,
oxygen was transferred from the top rim to the (0001)
liquid-solid interface, leading to an upward growth of the
NW while exposing the two (0112) and (0114) facets again
[Figs. 20(d)–20(f)].
The growth of sapphire NWs along the [0001] direction
was observed to follow a layer-by-layer mode at the (0001)
liquid-solid interface. A solidlike arrangement of liquid Al
adjacent to the liquid-solid interface showed a decay trend
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with an exponential relationship to the distance from the
interface. The rate-limiting step of the growth was found to
be the oxygen diffusion to the interface from the triple point.
This discovery presented the important role of the triple
point in supporting self-catalyzed NW growth and revealed
possible states of the liquid droplet. This study enriched our
understanding of the self-catalyzed NW growth model at the
atomic level.
E. A theoretical model for NW growth without foreign
catalysts

The preceding discussion shows that when no catalyst is
present during NW growth, VS processes and self-catalyzed
growth are the two main mechanisms, and an excess of metal
adatoms would be responsible for self-catalyzed growth.
Screw dislocations have been observed to be able to lead
NW growth by providing deposition sites for a VS process.
Many different observations have been presented to support
the proposed mechanisms and to explain the growth of nanostructures for different material systems and under different
experimental conditions. However, a connection between
different experimental observations and the two growth
mechanisms is also greatly desired, and would substantially
advance this powerful bottom-up synthesis approach into a
versatile nanomanufacturing technology. An experimentbased model has recently been presented by Shi et al. that
attributes the morphology and growth mechanism switch to
the discrepancy between the oxidation rate and the condensation rate of the metal component in a metal-oxide NW
growth system.76

FIG. 20. (Color online) Oscillatory mass transport in the Al catalyzed growth of sapphire NWs. (a)-(f) HRTEM images captured from a real-time movie. Local
crystal growth of a rim at the triple-junction region via mass diffusion from the liquid-vapor interface to the (0
114) facets is shown in (a)-(c). Dissolution of
the (0114) facet supplying oxygen to the (0001) facet growth is shown in (d)-(f). Reprinted with permission from S. H. Oh, M. F. Chisholm, Y. Kauffmann,
W. D. Kaplan, W. D. Luo, M. Ruhle, and C. Scheu, Science 330, 489 (2010).
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ZnO was used as the example to illustrate the proposed
growth model. In general, the deposition of ZnO from the
vapor phase would undergo two possible steps in the temperature region in which Zn could sustain as a liquid: (1) the
condensation of Zn from the vapor phase to the liquid phase,
Zn (g) ! Zn (l); and (2) the oxidation of Zn: Zn (l) þ 12O2 (g)
! ZnO (s). If the first step were the rate-limiting step, the
condensed Zn would immediately be oxidized into ZnO, and
thus it would be considered as a VS deposition process. If
the second step were the rate-limiting step, liquid Zn would
accumulate at the surface, and a self-catalyzed VLS process
would be possible. Based on this rationale, the condensation
rate and oxidation rate were both calculated.
The condensation rate is governed by the sticking coefficient S and the incident molecular flux F via the relation
Rcon ¼ S  F. F can be estimated using the Hertz–Knudsen
equation,
F ¼ ðP  Pe Þ=ð2pmkTÞ0:5 ;

(4)

where P is the Zn partial pressure, which can be obtained
from the instant decomposition rate of ZnO as a function
of the temperature; Pe is the equilibrium partial pressure of
Zn; m is the mass of the Zn atom; and T is the temperature. The oxidation rate of Zn was estimated using the
equation


Q
8
½Zn½O2 mol1 m3 :
(5)
Rox ¼ 5:9  10 exp 
RT
Q is the activation energy when Zn is oxidized in a heterogeneous process. [Zn] and [O2] are the concentrations of Zn
and O2 vapor in the chamber, respectively.
The calculated Zn condensation and oxidation rates were
plotted together as a function of the deposition temperature
(Fig. 21). The plot clearly shows that a high deposition temperature is favorable for the oxidation of Zn, whereas at low

FIG. 21. Plots of oxidation (dashed line) and condensation (solid line) rates
of Zn vs the substrate temperature. The five distinct deposition regions are
marked with dashed-dotted lines and illustrated by typical morphology
images (inset). Region I: ZnO nanowire is the dominant morphology.
Region II: ZnO nanocombs are dominant. Region III: ZnO nanoflowers are
dominant. Region IV: Zn-ZnO core-shell structure is dominant. Region V:
metallic Zn deposition is dominant.
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temperatures Zn condensation becomes dominant. These
two curves intersect at 680 K. By matching the morphologies
obtained at different substrate positions with the two rate
curves in Fig. 21, five distinct growth/temperature regions
were identified.
At a high deposition temperature at which the oxidation
rate was significantly faster than the condensation rate, ZnO
NWs were found to be the dominant morphology (region I in
Fig. 21). In this region, the deposition of ZnO was a
diffusion-controlled process. The diffusion coefficients of Zn
in Ar and O2 in Ar were estimated to be nearly identical by
the Chapman–Enskog equation and by numerical simulations. The stoichiometric precursor supply and the faster oxidation rate suggest that the formation of ZnO NWs would
undergo a VS process. Typical ZnO NW growth via vapor
deposition falls into this region. When the substrate temperature moved closer to the intersection point, the ZnO nanocomb structure became dominant (region II in Fig. 21). In
this region, the nanocomb would still grow via a VS process
due to the fast oxidation rate. A more rapid and abundant Zn
condensation compared to that in region I would possibly be
the reason to choose the formation of the nanocomb structures over straight NWs. Around the temperature at which
the condensation and oxidation plots intersect, the nanoflower structure appeared (region III in Fig. 21). In this
region, the difference between the condensation and oxidation rates would wobble between small positive and negative
values due to local pressure variations. When the Zn condensation rate exceeded the oxidation rate, it became possible
for a liquid Zn phase to form and serve as a catalyst to direct
the growth of ZnO NWs. Based on the perfect wetting property between Zn and ZnO, it is likely that the liquid Zn covered the ZnO NW growth front as a thin layer. This growth
phenomenon has been observed in the growth of Cd crystals
catalyzed by a wetting layer of Bi film. When the Zn condensation rate dropped lower than the oxidation rate, the liquid
Zn was consumed, preventing the liquid Zn phase from
growing larger. The competition between these two rates
could explain the formation of small ZnO nanoflower petals
that exhibit hemispherical tips and wavy side surfaces. A further decrease of the deposition temperature results in the
rapid condensation of Zn with a rate significantly higher
than the rate of oxidation (region IV in Fig. 21). In this
region, irregular wirelike nanostructures were observed, and
energy dispersive spectroscopy indicates a higher Zn concentration (67%) in this region as compared to the nanoflowers. The dark field TEM image revealed that these
structures were Zn-ZnO core-shell NWs. Below 500 K is
region V, in which the deposition appeared as black and was
identified as metallic. The formation of Zn was likely due to
the almost negligible Zn oxidation rate compared to the Zn
condensation, which is a situation that should be avoided
when making any ZnO nanostructures. A comparison of the
deposition and oxidation rates explained the formation of the
different ZnO morphologies possible through different
growth mechanisms. This research presented the fundamental kinetics that govern the mechanisms and morphology
selection of nanostructures in a noncatalyst growth system.
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V. COMPLEX NW STRUCTURES FROM VAPOR
DEPOSITION
A. NW supperlattice structures

Radial and axial superlattice structures could enable novel
applications of NWs because of their tunable electronic and
optical properties, as well as their distinct quantum
confinement.5,6,8,11,12,20–22,26,28,30,47,49,68,74,85–91 Radial heterostructures typically contain multilayers of dissimilar semiconductors that form quantum wells and heterojunctions
along the radial direction. Applications include coaxial p-i-n
Si NW-based solar cells,30 core-multishell III-V group
NW-based multicolor light emitting diodes,5 and waveguidecontrolled lasers and transistors.10,26 For the core-shell heterostructure, the core was usually grown via a metal-catalyzed
VLS process, and the multishells were formed via direct deposition in VS processes.26 For example, a system consisting of
a two-zone tube furnace and an in situ source exchange unit
was used to synthesize the core-shell NWs. The upstream part
of zone I was loaded with two solid precursors, and that of
zone II with a substrate patterned with Au catalysts. NW cores
were then grown by inserting precursor I into the center of
zone I under appropriate growth conditions. For the growth of
the NW shell, precursor I was replaced by precursor II, and
the growth conditions were adjusted to support a direct CVD
growth rather than a VLS process. Figure 22 shows a
waveguide-controlled NW laser structure using III-V group

FIG. 22. (Color online) (a) Schematic diagram of a multiquantum-well NW
structure. (b) Dark-field cross-sectional TEM image of a GaN core and
multiquantum-well shell structure. The scale bar is 10 nm. Inset: the corresponding SAED pattern. Reprinted with permission from F. Qian, Y. Li, S.
Gradecak, H. G. Park, Y. J. Dong, Y. Ding, Z. L. Wang, and C. M. Lieber,
Nature Mater. 7, 701 (2008).
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NWs synthesized via the above-described strategy. GaN NW
cores were grown in a metal-cluster-catalyzed process, and
multiquantum-well shells were formed via direct vapor deposition. The heterojunction was epitaxial and dislocation free
with an atomically smooth surface and interface, which was
expected to contribute to a reduction of optical losses. The
number of stacking wells could be as high as 26 when GaN
NW cores were applied. Calculations based on this multiquantum well structure showed that the laser threshold was
reduced when the number of stacking layers was increased.
Experiments showed evidence that heterostructures with 26
stacking layers demonstrated a 4- to 10-fold threshold reduction compared to those with 13 stacking layers.
Superlattice NW structures along the axial direction have
applications in light emitting diodes,90 nano-barcodes,22 and
solar cells.31 To create a superlattice along the axial direction, a metal-catalyzed VLS mechanism was usually applied.
Figure 23 illustrates the typical strategy for synthesizing
axial superlattice NWs. First, the initial NW segment is
grown as catalyzed by a foreign metal NP. After the growth
of the first segment is terminated by the cutting off of its precursor supply, a second reactant is introduced for the growth
of the second segment. Repeated modulation of the NW
composition could be achieved by alternately switching to
different precursors. Au nanocrystals have been found to be
able to catalyze the growth of a wide range of III-V and IV
materials under similar conditions and therefore have been
used in almost all segmented NW growth systems. One critical issue for growing axial superlattice NWs is the prevention of the direct deposition of precursors on the NW
sidewalls, which obscures the physical properties of NW
junctions. Keeping the precursor partial pressure low in
order to prevent VS deposition has been a general strategy
for achieving clean side surfaces. Gudiksen et al. applied
laser-assisted metal-catalyzed growth in order to create
GaAs/GaP superlattices using GaAs and GaP targets.22 Yang
et al. applied a local heater on the substrate and a special
atmosphere in order to eliminate side wall deposition and
realize the nþ-n-nþ Si superlattice structure accurately.87
Recently, a special nanotectonic approach for growing
kinked or zigzag NWs was reported in which iterative

FIG. 23. (Color online) Synthesis of NW superlattices. (a) Metal-catalyzed
VLS growth of NWs. (b) Feeding of a second precursor for new segment
growth. (c) Repetition of the steps in (a) and (b) for the formation of a superlattice within a single NW. Reprinted with permission from M. S. Gudiksen,
L. J. Lauhon, J. Wang, D. C. Smith, and C. M. Lieber, Nature 415, 617
(2002).
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FIG. 24. (Color online) Modulated zigzag Si NWs synthesized with iterative
control over the nucleation and growth of the NW. The scale bar is 2 lm.
Reprinted with permission from B. Z. Tian, P. Xie, T. J. Kempa, D. C. Bell,
and C. M. Lieber, Nat. Nanotechnol. 4, 824 (2009).

control over the nucleation and growth was applied in order
to synthesize modulated Si NWs, as shown in Fig. 24.92
Three typical steps were included in this strategy: (1) axial
growth of the NW segment, (2) the purging of gaseous precursors in order to terminate NW elongation, and (3) the
addition of reactants to induce new nucleation for new segment growth. Heterogeneous nucleation in step (3) was
believed to be the reason for the NW growth orientation
switch. The composition of the NW segments could also be
controlled, leading to a dopant-modulated kinked NW structure for application in p-n diodes and field effect transistors.
The discovery of the NW kink formation provides new
insights into the growth of 2D and 3D NW superlattice
structures.
B. 3D NW-based nanoarchitectures

3D NW networks are promising architectures for effectively translating the extraordinary properties of 1D objects
into a 3D space. For instance, 3D electronics made via the
sequential printing of NW arrays have demonstrated substantial advantages in terms of power consumption, integration
density, and operation speed over their 2D counterparts.19,93,94 Photovoltaic devices fabricated using aligned or
partially aligned NW array configurations have exhibited
enhanced performance owing to improved carrier collection,
reduced optical reflection, and efficient absorption.27,38,39
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Compared to other nanostructures, 3D NW networks offer
three unique advantages: (1) a very large surface area per
unit volume; (2) superior and tunable transport properties of
electrons, photons, and phonons; and (3) excellent versatility
for making different material systems and heterogeneous
material integration. These advantages make 3D NW architecture exceptionally important for advancing the design and
application of functional materials for photovoltaic devices,
catalyst beds, hydrogen storage systems, sensors, and battery
electrodes.
Branched NW 3D architectures can be directly grown
from the vapor phase when additional seeding is introduced
along the side walls of the NWs. This phenomenon has been
realized by creating a metal phase in the growth system to
seed the growth of NW branches. The seeding metal phase
could be added separately or precipitated directly from the
NW precursor. Research has shown that mixing Sn with a
ZnO precursor in a vapor deposition system can create a
branched ZnO NW architecture with six-fold symmetry [Fig.
25(a)].79 This strategy was applied to other material systems,
and similar structures were obtained. Using In or Ga as the
secondary nucleation seed in a PbSe NW growth system
yielded bundles of orthogonally branched PbSe 3D NW networks.95 Introducing a Mn precursor to an InAs NW growth
system can also initiate the growth of InAs NW branches.96
The branched NWs can also be self-catalyzed by their
own metal component. Metal chalcogenides often exhibit
such growth behavior during vapor deposition. Due to the
face-centered cubic structure of PbX (X ¼ S, Se, Te), 3D orthogonal NW networks are typically observed with these
materials [Fig. 25(b)]36,97,98; this indicates the epitaxial relationship between the NW junctions. The orthogonal NW networks were also found using other materials, such as
FeSi2,99 CoSi,100 and WO3.33
Compared to the direct growth of 3D NW networks, the
growth of heterogeneous NW branches exhibits better versatility in terms of selecting different material systems and
forming heterojunctions, which is essential for realizing
many practical applications that utilize the semiconductor

FIG. 25. (a) ZnO NW branches catalyzed by Sn droplets. (b) Self-catalyzed 3D PbSe NW network. Reprinted with permission from M. Fardy, A. I. Hochbaum,
J. Goldberger, M. M. Zhang, and P. D. Yang, Adv. Mater. 19, 3047 (2007); P. X. Gao and Z. L. Wang, Appl. Phys. Lett. 84, 2883 (2004).
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FIG. 26. (a) GaP nanotree arrays. (b) ZnO NWs grown on polymer pillars. Reprinted with permission from K. A. Dick, K. Deppert, M. W. Larsson, T. Martensson, W. Seifert, L. R. Wallenberg, and L. Samuelson, Nature Mater. 3, 380 (2004); H. Ko, Z. X. Zhang, K. Takei, and A. Javey, Nanotechnology 21,
295305 (2010).

properties. This synthesis strategy typically requires an additional step of applying seeds on the central NW backbones
after they are formed.
Figure 26(a) shows GaP nanotree arrays synthesized via
multistage seeding and NW growth.101 The second stage
seeding was applied via an aerosol delivery, which offered a
fairly uniform coverage of Au NPs on the surfaces of GaP
NW backbones. These NPs catalyzed the formation of NW
branches during the second growth phase. Owing to the separated growth phases, the NW branches can be grown from
either the same material as the NW cores or a different material in order to form heterojunction arrays. In the nanotree
structure shown in Fig. 26(a), the branches were made from
GaAsP. It is possible to control the density of the NW
branches by modulating the seed coverage. By adjusting the

FIG. 27. (Color online) (a) Schematic diagram and (b) experimental demonstration of TiO2 NRs grown inside highly confined nanochannels. (c) Schematic diagram and (d) experimental demonstration of TiO2 NRs grown
inside an Si NW forest.

seed concentration in a solution phase, effective control over
the densities of branched Si and GaN NWs was achieved.102
Heterogeneous NW branching structures were also created
using oxide materials. By applying a layer of ZnO NPs on
the surface of other NWs as seeds, heterogeneous NW
branches can be formed. This strategy has been applied to
SnO2 NWs to form SnO2-ZnO NW heterojunctions103 and to
polymer nanopillar arrays to form a flexible 3D ZnO NW
architecture [Fig. 26(b)].104 All of these branching architectures offer higher surface areas compared to bare NW arrays,
and possible applications as solar cell electrodes have been
suggested.
The synthesis and assembly strategies discussed above
are feasible means of creating 3D NW architectures. One
critical challenge with these strategies is the requirement of
a relatively large open space between NWs in order to sustain a constant precursor concentration that is sufficiently
high for uniform NW growth. This fundamentally limits the
density of 3D NW arrays, and the practical surface areas
are far below those that should be offered by 3D nanosized
networks. This challenge has recently been overcome by
using the SPCVD technique for a material system. By using
separated precursor pulses together with active surface
directed growth, Shi et al. successfully created high density
TiO2 NRs that uniformly covered the entire inner surface of
highly confined nanochannels of anodic aluminum oxide
[Figs. 27(a) and 27(b)].61 The resulting 3D TiO2 NW architectures offered a roughness factor of 3000, which is
nearly ten times higher than that of typical NW arrays.
Through this technique, TiO2 NWs can be grown on a variety of surfaces inside confined spaces, such as NW forests
[Fig. 27(c)]. Figure 27(d) demonstrates a uniform coverage
of TiO2 NWs on the entire surface of dense Si NW array
backbones. With Si NWs with lengths of more than 50 lm
and inter-NW spacing below 200 nm, no obvious changes
to the TiO2 NW distribution and uniformity were observed.
A similar structure has also been achieved on dense ZnO
NW backbones. This high-density 3D NW heterogeneous
architecture is promising for improving energy conversion
efficiency if used in photovoltaic or photoelectrochemical
electrodes.
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TABLE II. Summary of the nucleation and growth characteristics of NWs formed via vapor deposition with and without the presence of foreign metal catalysts.

Governing mechanism
Vapor pressure
Nucleation
Controllability
Size control
Crystal growth
Morphology
Chemical purity

With catalysts

Without catalysts

VLS and VSS
Under-saturate
Heterogeneous at liquid-solid interface
Good
By catalyst
Thermodynamics dominates
Mostly nanowire
Possible catalyst contamination

VS and self-catalytic
Supersaturate
Heterogeneous on solid surface or Homogeneous in air
Fair
By vapor concentration
Kinetics dominates
Various morphologies
High purity

VI. FUNCTIONALITY FROM GROWTH CONTROL
The functionalities of NWs are largely determined by
their growth mechanisms and corresponding manifestations.
The versatility of vapor deposition methods yields not only
more opportunities and flexibility for exploring NW morphologies with controlled properties but also vastly intricate
growth phenomena that lead to variance in nanomaterial engineering. Therefore, careful investigation and a thorough
understanding of NW growth behavior are essential. Relationships between the functionality of NWs and growth phenomena can be manifested in several aspects. For example,
the performance of transistors made from NWs is influenced
by the charge transport properties along the NWs. An understanding of NW surface roughness control and its interaction
with free charge carriers is therefore critical. Orientation
control during NW growth also provides an effective pathway for fabricating integrated NW-transistors. The fabrication of compositionally abrupt and structurally perfect NW
junctions is essential for tunnel field-effect transistors and
thermoelectric devices. This relies on an in-depth understanding of the alloying behavior of metal catalysts during
vapor deposition. Defect control is also vital for NWs
applied in electronics and optoelectronics. Intrinsic doping
during self-catalytic VLS processes could lead to interesting
properties such as fluorescence. Branched NW architectures
are preferred in photovoltaic or photoelectrochemical devices owing to their large surface area and excellent transport
property. An understanding of the self-catalytic VLS and
SPCVD mechanisms can greatly facilitate the fabrication of
NW branches with controlled compositions and distributions. In general, it is necessary that we capture the characteristic growth phenomena and further our understanding of
the correlations between material properties and growth
mechanisms in order to guide the design and development of
semiconductor NW-based nanodevices.
VII. CONCLUSION
This article reviews the fundamental mechanisms of NW
growth via vapor deposition. The NW growth is grouped
into two categories: those with and those without foreign
metal catalysts. A comparison between these two growth categories is summarized in Table II, in which we can see distinct crystal nucleation and growth mechanisms, NW
morphologies, and the controlling parameters between them.
In general, introducing catalysts in vapor deposition growth

is a more thermodynamically controlled process and would
allow us to achieve precise adjustments to the dimension and
composition of NWs. Growth without catalysts is a more
kinetically controlled process and offers more freedom to
make different morphologies, but it is unfortunately associated with less controllability and more complicated nucleation and growth processes. In addition, ways of applying
these strategies in order to realize complex NW structures,
such as NW heterojunctions and 3D NW networks, are also
discussed. It can be seen that vapor deposition is a versatile
and capable technique for growing high quality NW structures from the bottom up. It has the potential to become a
competitive approach for producing 1D nanostructures commercially. Further in-depth understanding of the nucleation
and 1D growth behavior during vapor deposition processes
is still greatly desired and will provide critical knowledge
for achieving fine control of the NW morphology and properties and improving the reliability and repeatability of the
growth techniques, eventually leading to an evolution from
lab-based synthesis to the industrial-level manufacturing of
NW products.
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