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ABSTRACT: Controlling nanowire morphology in bottom-up synthesis and 

assembling them on planar substrates is of tremendous importance for device 

applications in electronics, photonics, sensing and energy conversion. To date, 

however, there has been only limited success in reliably achieving these goals, 

hindering both the fundamental understanding of the growth mechanism and the 

integration of nanowires in real-world technologies. Here we report that growth of 

planar, vertical and randomly oriented tin-doped indium oxide (ITO) nanowires can 

be realized on yttria-stabilized zirconia (YSZ) substrates via the epitaxy-assisted 
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vapor-liquid-solid (VLS) mechanism, by simply regulating the growth conditions, in 

particular the growth temperature. Our (scanning) transmission electron microscopy 

and reciprocal space mapping experiments reveal the indispensable role of 

substrate-nanowire epitaxy in the growth of oriented planar and vertical nanowires at 

high temperatures, whereas randomly oriented nanowires without epitaxy grow at 

lower temperature. Further control of the orientation, symmetry and shape of the 

nanowires can be achieved by using YSZ substrates with (110) and (111), in addition 

to (100) surfaces. Based on these insights, we succeed in growing regular arrays of 

planar ITO nanowires from patterned catalyst nanoparticles. Overall, our discovery of 

unprecedented orientation control in ITO nanowires advances the general VLS 

synthesis, providing a robust epitaxy-based approach towards rational synthesis of 

nanowires.   

KEYWORDS: Vapor-liquid-solid growth, indium tin oxide, epitaxy growth, 

orientation control.  

 

Nanowires (NWs) have been intensively explored for a wide range of applications 

in electronics,
1 photonics,

2
 chemical/biological sensing

3-5
 and energy 

harvesting/conversion,
6-8 owing to their high surface-volume ratio and other 

remarkable properties.
9,10 Since the discovery of the vapor-liquid-solid (VLS) process 

in 1964 by Wagner and Ellis,
11  there have been many seminal works advancing NW 

synthesis and applications.
12-15

 However, the large scale high-precision incorporation 

of as-grown out-of-plane NWs into nanodevices which often have planar 
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configurations remains challenging. Most common approaches separate the NW 

growth and assembly steps, e.g. harvesting and dispersing as-grown NWs in solution 

before casting them on substrates. To confront this bottleneck of NW assembly, 

various novel strategies such as the Langmuir-Blodgett technique,
16-18

 blown-bubble 

method,
19

 micro fluidic alignment,
20

 and micro-contact printing
21,22

 have also been 

developed. However, these approaches suffer from drawbacks such as imperfect 

alignment, mechanical damage, and solution contamination. 

Recently, there are reports on in-plane grown NWs which can be directly 

incorporated in devices, eliminating the assembly step in fabrication.
23-32

 In this 

approach, good lattice match between NW and substrate is a stringent requirement for 

the growth of planar NWs, and there are only limited examples in the literature. 

Majority of the previous reports regards wurtzite (hexagonal)-structured II-VI 

semiconductors, such as ZnO NWs on sapphire
24

 or GaN,
27

 and GaN NWs on 

sapphire
29

 or SiC.
31

 Recently, some reports emerged on synthesis of planar III-V 

semiconductor NWs with zinc blende (cubic) structures, such as GaAs NWs on 

GaAs,
25

 and InAs NWs on GaAs.
26

 Furthermore, self-aligned lateral NWs of In2O3, 

which is an important wide band gap oxide, was reported to grow on Si substrates.
23

 

However, the In2O3 NWs exhibited a semiellipsoidal cross section, indicating that the 

lattice mismatch as high as 7% and the SiO2 layer at the In2O3/Si interface might 

compromise the synthesis of high quality NWs. Regarding the growth mechanism, Zi 

and coworkers recently used a revised Gibbs-Thomson equation to illustrate that 

growth of planar InAs NWs is energetically favored at lower vapor pressure and 
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smaller NW diameter.
33

 On the dynamic aspect, Schwarz and Tersoff developed an 

anisotropic continuum model to capture the interplay between droplet statics and facet 

formation, and they successfully explained the anomalous kinking and crawling 

phenomena often observed in NW growth.
34-36

 

  In this work, we show that growth epitaxy and thermodynamics can be harnessed to 

enable unprecedented control of the orientation and morphology in tin-doped indium 

oxide (ITO) NWs. Because of their simultaneous high transparence and 

conductivity,
37

 ITO NWs are promising for solar cells, displays, plasmonics and LED 

applications.
38-47

 In the previous works,
38-47

 the transparent conducting nature of 

random and vertically aligned ITO NWs was confirmed and their device application 

was explored. Here we demonstrate a simple yet reliable strategy to grow not only 

random and vertically aligned ITO NWs, but also planar ITO NWs on YSZ substrates 

by controlling a single parameter: the growth temperature profile. High-resolution 

transmission electron microscopy (HRTEM), electron diffraction (ED), high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM), 

annular bright-field STEM (ABF-STEM) and x-ray diffractometry (XRD) were used 

to investigate the structure of the as-fabricated NWs. We further leverage the epitaxial 

relationship between the ITO NWs and the YSZ substrate to realize a variety of ITO 

nanostructures with rich symmetry, orientation, and morphology. Our results advance 

the general VLS mechanism for NW growth, opening doors for the production of 

novel nanoarchitectures and devices. 

 

  Figure 1 shows the typical growth conditions and corresponding scanning electron 
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microscopy (SEM) images of as-fabricated NWs on (100)-oriented YSZ substrates. 

The experimental details can be found in the supporting information. As shown in the 

temperature profile in Figure 1a, to grow in-plane NWs, we first quickly raised the 

furnace tube to 900 °C, and stayed at 900 °C for 10 minutes before lowering the 

furnace temperature to 800 °C at a controlled rate. The whole growth process 

including the cooling down to room temperature takes roughly one and half hours. 

Figure 1b-c are the corresponding SEM images of as-fabricated planar NWs. We can 

clearly identify the Au nanoparticles at the apex of NWs, indicating that the NW 

growth follows the VLS process. XRD patterns (see supporting information Figure S1) 

confirm that these NWs are ITO with the cubic bixbyite crystal structure. Remarkably, 

the orientations of the planar NWs show four-fold symmetry, which is a direct result 

of the crystallographic relationship between ITO NWs and YSZ substrate later 

confirmed by TEM. YSZ with a cubic structure is an ideal substrate for the growth of 

ITO NWs because of the small lattice mismatch, i.e., (2aYSZ − aITO)/aITO ~1.6%. Thus, 

the interface energy between ITO NWs and YSZ substrate will be the lowest when the 

ITO NWs grow epitaxially along specific [010] and [001] directions on the (100) YSZ 

surface. We also found in the SEM images that many tiny isolated Au particles with 

diameters smaller than 30 nm were still present on the substrate surface. Due to the 

Gibbs-Thomson effect,
48

 these Au nanoparticles are likely too small to initiate the NW 

growth. Overall, the ITO NWs exhibit a width of 50 ± 9 nm, whereas the length has a 

much wider distribution between approximately 335 and 635 nm. 

  Typical conditions for the growth of vertically aligned ITO NWs are consistent 
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with previous reports.
39-41

 In Figure 1d, a single growth temperature of 800 °C was 

used during a growth time of one hour. The SEM top-view image in Figure 1e 

suggests square-shaped cross sections for the NWs with a uniform width of about 140 

± 18 nm and length of 980 ± 140 nm. The tilted view in Figure 1f shows that the ITO 

NWs exhibit a slightly tapered morphology and the Au nanoparticles are generally 

much smaller than the NW diameters, which is a result of the diffusion of Au catalyst 

during the VLS growth.
39

  

  When the growth temperature was further lowered to 750 °C (Figure 1g), we 

obtained random NWs without any preferred orientation. The SEM images in Figure 

1h and 1i show that the NWs are no longer uniform and majority of the NWs are not 

straight. The XRD data (supporting information Figure S1) indicate that the majority 

of the NWs have a crystal structure that is consistent with SnO2, although some ITO 

NWs are still present. This is consistent with the fact that tin oxide can react with 

graphite and produce tin vapor at a lower temperature than indium oxide.
47

 Thus, the 

formation of SnO2 NWs is favored when the growth temperature is lower. Since SnO2 

NWs have a rutile structure (a = 4.750 Å and c = 3.198 Å), which does not match the 

structure of YSZ substrate (cubic, a = 5.150 Å), growth of random NWs is the natural 

result. Finally, the observation that no NWs grow at 700 °C and below may be a result 

of the limited reaction of the source mixture at low temperatures. 

  There are two immediate conclusions from the three runs of experiments shown in 

Figure 1: the first conclusion is that the highest temperature favors the growth of 

planar NWs, while NWs grow vertically at slightly lower temperatures, and randomly 
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oriented NWs are observed at the lowest temperature of 750 °C; the second 

conclusion is that two temperature steps are required to grow planar NWs, which may 

be the reason why such planar ITO NWs were not discovered before. In order to 

better understand the growth process, we carried out about 100 runs of NW growth 

under systematic tuning of growth parameters, and supporting information Figure S2 

summarizes the effect of growth temperature on the NW morphology. For the growth 

of planar NWs, we fixed the temperature T1 and T2 at 900 °C and 800 °C, respectively; 

the time duration t1 at T1 was fixed at 10 minutes, while the transition time t2 was 

changed from 5 to 40 minutes. We found that the length of the NWs is controlled by 

the duration t2, when the growth temperature is lowered from 900 to 800 °C, and the 

quasi-linear relationship is shown in supporting information Figure S3. On the other 

hand, when we fixed the temperature T1, T2 and time t2, and changed t1, the length of 

NWs remained nearly the same, but the number of planar NWs decreased with t1 (see 

supporting information Figure S4). These results suggest that the planar NWs grow 

during the process of controlled cooling from 900 °C (T1) to 800 °C (T2). Without 

process t2, no NWs grow (see supporting information Figure S2), which may be the 

result of the high decomposition/desorption rate of ITO in the reducing atmosphere at 

900 °C. To verify this scenario, we kept a piece of ITO-coated substrate in the same 

growth environment, and the ITO film quickly decomposed and left residues on the 

substrate (see supporting information Figure S5). We should note that other growth 

parameters like gas flow and pressure also have significant effects on the growth 

behavior of ITO NWs. It was reported previously that vertically aligned ITO NWs 
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grew on YSZ substrates at a temperature of 900 °C.
39,47

 The discrepancy in the growth 

temperature can be attributed to the fact that the gas flow and pressure in our 

experiment are much lower than the parameters used in previous reports. In control 

experiments, we increased the gas flow rate and/or pressure and could also get vertical 

ITO NWs. We did however find that the control of the NW orientations was less 

reliable at high gas flow rate and pressure. As a result, we present only the growth 

results achieved with fixed gas environment here. 

  For the vertical NWs grown at 800 °C, the NW length linearly depends on the 

growth duration with a growth rate of about 8 nm/min (see supporting information 

Figure S6). The SEM images reveal the growth process: first a buffer layer forms on 

the surface of YSZ substrate, and the Au nanoparticles appear to be imbedded in the 

buffer layer with limited lateral mobility, which may facilitate the out-of-plane 

growth.  

  We further carried out extensive (S)TEM and reciprocal space mapping (RSM) 

experiments to investigate the crystalline structures of the planar, vertical and random 

NWs as well as their growth mechanism. Figure 2a is a HAADF-STEM (Z-contrast) 

cross-section image of a planar NW. To prepare this type of cross-sectional samples, 

we applied the focused ion beam (FIB) lift-out technique. The bright-contrast Au 

catalyst particle can be identified at the top of the NW, confirming the SEM 

observation. As an important clue to the growth mechanism, we note that there is no 

buffer layer between the ITO NW and the YSZ substrate. In Figure 2b, a selected area 

ED (SAED) pattern taken near the Au/ITO interface suggests the following epitaxial 
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relationships: ITO [010] // Au [-111] and ITO [001] // Au [211]. Our TEM observations on 

several samples suggest that the NWs strictly grow along [010] and [001] directions, 

which explains the four-fold symmetry observed in SEM experiments. Geometrical 

phase analysis (GPA) was applied to the acquired HRTEM images to investigate the 

deformation and strain state of the planar ITO NWs. The uniform color shown in 

Figure 2c indicates little deformation of ITO NW, and the small strain is 

homogeneously distributed. Figure 2d is a cross-section ADF-STEM image of a 

planar NW, showing the expected rectangular shape with slightly faceted corners. 

Furthermore, the strong diffraction contrast right at the interface of ITO and YSZ, 

together with the presence of misfit dislocations at the interface (black arrows) 

indicates heightened strain at the interface, but the lattice is almost fully relaxed inside 

the NW. In Figure 2e, a HAADF-STEM image taken at the ITO/YSZ/Au tri-junction 

confirms the good epitaxial relationship between the ITO NW and the YSZ substrate. 

The ABF-STEM image in Figure 2f further reveals the excellent matched lattices at 

the ITO/YSZ interface. These observations shed light on the growth mechanism, and 

the process of growing planar NWs is illustrated in Figure 2g. At 900 °C, the 

absorption and desorption of precursor atoms are balanced on the bare YSZ surface, 

leading to no ITO film growth. However, as soon as the temperature lowers, the Au 

nanoparticles are effective in absorbing and retaining the precursor atoms for the 

subsequent ITO NW growth. In addition, the excellent lattice match between ITO and 

YSZ means that the interface energy is small, facilitating the in-plane growth.  

In stark contrast to the in-plane case, the HAADF-STEM images in Figure 3a and 
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3b reveal vertical out-of-plane NW growth and the existence of an ITO buffer layer 

with a thickness of about 40 nm. In Figure 3c, the high resolution HAADF-STEM 

image taken at the interface between an ITO NW and the YSZ substrate confirms the 

good epitaxial relationship between both. The buffer layer probably restricts the 

lateral movement of the Au catalyst nanoparticles on the bare YSZ surface, promoting 

the out-of-plane NW growth, As illustrated in the schematic in Figure 3d, the 

existence of such a buffer layer may be the critical factor triggering the out-of-plane 

growth of ITO NWs. In addition, a tin-rich phase (InSnO3.5, so-called ISO phase) was 

also observed (see supporting information Figure S7), which is consistent with 

previous reports.
47, 49

  

  The randomly-oriented NWs clearly possess a more complicated and less 

controllable structure. Apart from the normal SnO2 NWs with smooth surfaces (see 

supporting information Figure S8), two unusual zigzag and twin structures (see 

supporting information Figure S9) are also present. We attribute their formation to the 

low growth temperature. One reason is that more tin vapor will be generated than 

indium vapor at low temperature, which will change the normal ratio of In/Sn. The 

other reason is that defects are more easily formed at low temperature because of the 

lower mobility of the constituting atoms.     

We further used the synchrotron-based RSM technique to precisely measure the 

crystalline structure and the strain state of the ITO NWs. Figure 4a shows the 

mapping data of the planar NWs near the (002) diffraction spot of the YSZ substrate, 

and the identical H value of the ITO (L ~ 2.0380) and YSZ (L ~ 1.9998) peaks 
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indicate excellent alignment at the interface without any inclination. As shown in 

Figure 4b, the mapping data obtained near the (-204) diffraction spot reveal two ITO 

peaks with almost equal intensity. They can be attributed to the diffraction of two 

groups of planar NWs perpendicular to each other. Furthermore, the identical L value 

of both peaks indicates the same vertical lattice constant, whereas the different H 

values suggest difference in lateral lattice dimensions. We calculated the lattice 

constants of the planar ITO NWs as: a = 10.118(5) Å, b = 10.192(5) Å, and c = 

10.107(2) Å, which suggests an orthorhombic distortion of the ITO cubic structure. 

Comparing with the lattice constants of the bulk ITO materials (cubic bixbyite 

structure, a = 10.138 Å), we can conclude that the a and c axes of the planar NWs are 

slightly compressed while b axis is elongated. The schematic in Figure 4c illustrates 

the two equivalent deformation cases of ITO unit cells on the YSZ substrate, and the 

anisotropy of in-plane lattice parameters is apparently related to the NW growth. It is 

remarkable that the strain in the planar ITO NWs is anisotropic and smaller than 0.5%, 

even though the lattice mismatch between ITO and YSZ bulks is much larger at 1.6%, 

indicating effective stress relief in NWs.  

  Similarly, for the vertical NWs, the mapping data in Figure 4d at the (002) 

diffraction spot indicates no inclination between the NWs and the substrate. However, 

different from the in-plane case, the single (-204) peak for ITO in Figure 4e indicates 

that the vertical ITO NWs have the same a and b values. The lattice constants 

extracted from Figure 4d-e indicate that vertical ITO NWs are cubic structure with a 

constant of 10.138(2) Å. These results indicate that the mismatch strain is fully 
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relaxed in the vertical NWs (Figure 4f), which differs from the case of planar NWs.   

  The success of using growth temperature as the single parameter to tune the 

orientation of ITO NWs on (100) YSZ substrates encouraged us to extend the method 

to the growth on (110) and (111) YSZ substrates with varied crystallographic 

symmetries. The growth conditions were kept the same as those used in the growth on 

(100) YSZ substrates. Figure 5a-b show SEM and TEM images of planar ITO NWs 

on a (110) YSZ substrate. The planar NWs exhibit four-fold symmetry, similar to the 

results obtained on (100) surface (see Figure 1b-c). However, careful SEM and TEM 

examinations revealed two types of cross-sectional shapes as shown in the inset of 

Figure 5a: The cross section of [001]-oriented NW is triangular, while that of 

[-110]-oriented NW is rectangular (Figure 5c). Furthermore, the TEM data in 

supporting information Figure S10a-c reveal that the two exposed facets of the 

triangular [001]-oriented NWs are (100) and (010) planes. Because the surface energy 

of {100}-type planes is lower than that of {110} planes,
50

 the formation of {100} 

facets in NWs is favourable, leading to the triangular NW cross section. On the other 

hand, the cross section of [-110]-oriented NWs, shown in supporting information 

Figure S10d-e, is rectangular, which is similar to the cross section of NWs grown on 

(100) substrate in the second part (see Figure 2d). However, since the top plane of 

[-110]-oriented NWs is (110), which has a higher surface energy than (100), the top 

plane of [-110]-oriented NWs is not flat but split into small facets (see supporting 

information Figure S10f-g). The schematic diagram in Figure 5c summarizes the 

relationship between the ITO NWs and the (110) YSZ substrate.  
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 Following the same dynamic profile of growth temperature as shown in Figure 1a, 

we also successfully synthesized planar ITO NWs on (111) YSZ substrates. As shown 

in the SEM images in Figure 5d-e, the orientations of such NWs exhibit a three-fold 

symmetry. In supporting information Figure S11, corss-sectional TEM images of 

planar NWs on (111) YSZ are presented, and the substrate orientation and the surface 

terminations of NWs are determined. As a general rule, planar NWs always grow 

along the projected orientations of their preferred growth directions on the substrate 

surface.
51,52

 It is well known that for ITO NWs the preferred growth direction is the 

[100] group.
39, 41, 45, 47

 On the (111) plane, there are six equivalent projected directions 

of the [100] group: [1-21], [-12-1], [11-2], [-1-12], [-211], and [2-1-1]. However, 

because of the face-centered cubic crystal structure of YSZ, directions of [2-1-1], 

[-12-1], and [-1-12] are not equivalent to the other three (see supporting information 

Figure S12a-b). Remarkably, the observed three-fold symmetry of the NWs implies 

that the ITO NWs prefer to grow along only three of the six directions. This reliable 

selection of growth orientations appears to be a result of energetic minimization of 

ITO-YSZ interfaces, and it clearly warrants further investigation.  

Furthermore, the width of the NWs shrinks along the growth direction, producing 

a “tie”-like morphology in the top view. Once again, we applied the FIB sample 

preparation technique to cut the NWs and carried out the cross-sectional TEM studies. 

Interestingly, the cross section of these NWs transforms from a triangle to a trapezoid 

(supporting information Figure S11 and inset of Figure 5d) with increasing 

dimensions. The SAED pattern in supporting information Figure S11 reveals that the 
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top surface of the trapezoid is (111), while the indexes of the side walls are (1-13) and 

(13-1). We summarize the growth habit of the planar ITO NW on (111) YSZ substrate 

in Figure 5f and supporting information Figure S12.  

With the temperature profile shown in Figure 1d, aligned out-of-plane ITO NWs 

were grown on (110) and (111) YSZ substrates (Figure 5g-l). The good epitaxial 

relationship is similar to that in our previous report of ZnO NWs.
53

 On the (110) YSZ 

substrate, there are two equivalent growth directions, i.e., [100] and [010], making an 

angle of 45° with the substrate surface (Figure 5i). These NWs are perpendicular to 

each other in the side view, but good alignment is achieved when projected on the 

(110) plane. While on the (111) YSZ substrate, there are three equivalent growth 

directions, i.e., [100], [010] and [001], and the NWs form an angle of 35.3° with the 

substrate surface (Figure 5l). Similar to the (110) case, these three oriented NWs are 

perpendicular to each other; on the other hand, as shown in the SEM image in Figure 

5j, an angle of 120° is formed when the NWs are projected onto the (111) YSZ 

surface.                         

  In order to better control the dimensions and positioning of the NWs, we patterned 

the Au catalyst into square arrays of dots using electron beam lithography (EBL). The 

schematic of EBL patterning and NW growth processes is shown in Figure 6a. The 

diameter of the individual dots is 300 nm in 6b-c, 500 nm in 6d, and 400 nm in 6e 

while the thickness is kept at 20 nm. The separation distance between the dots in the 

square arrays is 4 m. As shown in the SEM images in Figure 6b-i, planar NW arrays 

with expected symmetries were successfully obtained on (100), (110) and (111) YSZ 
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substrates. One advantage of this scheme is that the growth directions of the NWs can 

be precisely determined by examining the final positions of the nanoparticles relative 

to the original patterns. We found that all NWs grew exactly from the periodic square 

positions of the Au dots defined by EBL, suggesting that the Au nanoparticles did not 

migrate before the start of NW growth. Furthermore, the regular Au catalyst dots lead 

to ITO NWs with uniform dimensions, and the morphology control is apparently 

superior to the method of initiating growth with nanoparticles produced in thermal 

ripening of Au thin films.  

As shown in Figure 6b-c, for the growth results obtained on (100) and (110) YSZ 

substrates, we used four different colors to highlight the growth directions. Our SEM 

examinations of over a dozen locations confirm that the four in-plane orientations are 

statistically equivalent. Similarly, we labeled the NWs grown on (111) YSZ substrate 

using three different colors (Figure 6d) and found roughly equal populations of these 

NW groups along three growth directions. Supporting table S1 provides details on the 

length and width of the NWs. As expected, the NWs grown along four equivalent 

directions on the (100) YSZ substrate exhibit identical length and width (Figure 6f). 

Meanwhile, on the (110) YSZ substrate, the length of [-110]-oriented NWs with 

rectangular cross section (1.76 ± 0.31 μm) is notably larger than that of the 

[001]-oriented NWs with triangular cross section (1.36 ± 0.29 μm). The difference in 

length can also be seen in the high-magnification SEM images in Figure 6g, which 

indicates that the NW growth speed is higher along [-110] than that along [001]. 

Finally, the NWs on the (111) YSZ substrate show uniform tie-like morphology 
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(Figure 6h), consistent with the fact that the three growth directions are equivalent. As 

a note on the side, uniform dispersed Au nanoparticles with controlled density can 

also be achieved by using polymer encapsulation that provides tailored electrostatic 

repulsion in a solution environment.
54

 The use of this bottom-up strategy in future 

research will enable the scale up synthesis of ITO NWs with controlled morphologies.  

 

The fact that the orientation of ITO NWs on YSZ substrates, i.e., planar, vertical 

or random, can be reliably realized by solely tailoring the growth temperature profile 

indicates the dominant role of thermodynamics in the NW synthesis. The epitaxial 

relationship between the ITO NWs and the YSZ substrate is the key to exploring the 

rich growth behaviors of NWs on YSZ substrates with (100), (110) and (111) surfaces. 

The mismatch between ITO and YSZ is only 1.6%, smaller than the cases of ZnO on 

GaN (1.8%),
27

 InAs on GaAs (7.2%),
26

 GaN on sapphire (16%),
29

 and GaN on SiC 

(3.4%).
31

 In the previous work on growing In2O3 nanowires on Si, the lattice 

mismatch is as large as 7%,
23

 which compromises the synthesis of high-quality NWs. 

Conforming to the principles of energy minimization and interfacial epitaxy, ITO 

NWs exhibit triangular, rectangular or trapezoidal cross sections, as well as a novel 

“tie”-like morphology with dimension modulation along the length of NWs. In terms 

of crystalline structure, little deformation and few defects were detected in our 

systematic TEM experiments, and the effect of strain due to lattice mismatch is 

locally confined at the ITO/YSZ interface. Our RSM results show that the cubic 

lattice of bulk ITO transforms to an orthorhombic one with slight anisotropy in the 
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planar NWs, while the small lattice mismatch exerts no influence at all on 

out-of-plane vertical NWs. These features underscore the ITO/YSZ as one of the best 

systems available for investigating epitaxial growth of planar NWs. 

 On the thermodynamic aspect, Cao and Yang recently developed a theoretical 

model by introducing thermal fluctuation into the VLS process and concluded that 

higher growth temperatures tend to favor the growth of planar NWs.
55

 This is 

consistent with our observation: Regardless of the orientation of the YSZ substrate, 

the growth temperature of planar ITO NWis always higher than that of the vertical 

and random ones. Recently, Zi and coworkers used a revised Gibbs-Thomson 

equation to rationalize the planar growth of InAs NWs.
33

 By treating a planar NW as a 

semicylindrical structure, they proposed that planar NW growth is favored by smaller 

Au nanoparticles.
33

 In fact, on the (100) YSZ surface, we also found that the average 

diameter of the planar ITO NWs (50 ± 9 nm) is much smaller than that of the vertical 

ones (140 ± 18 nm), revealing the important role of Gibbs-Thomson effect.  

We should note that there are also kinetic factors at play in our experiments 

besides the conventional VLS mechanism: the time-dependent profile of growth 

temperature as shown in Figure 1 must be properly controlled in order to precisely 

control the NW orientation. Particularly, in the growth of vertical NWs, the formation 

of ITO buffer layer is a concurrent process at the growth temperature of 800 °C and 

the confinement of catalyst nanoparticles dynamically guides the final orientation of 

NWs. Recently, in a study of planar ZnO NWs on sapphire, Nikoobakht and 

coworkers pointed out that the existence of ternary Au-ZnO-sapphire interfaces 
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promotes the growth of horizontal growth.
56

 On the other hand, no ITO buffer layer 

forms at the growth temperature of 900 °C, and planar ITO NWs grow as the 

temperature gradually cools to 800 °C. In our case, good wetting of Au on both ITO 

and YSZ surfaces appears to be prerequisite for the growth of planar ITO NWs. In a 

very recent theoretical study, applying a continuum model for faceted NW evolution, 

Schwarz and Tersoff demonstrated that the in-plane “crawling” growth mode, among 

multiple distinct modes of steady-state growth, can exist in a wide stability range.
36

 

Experimentally, we found that subtle adjustments of substrate and catalyst conditions 

can lead to drastic changes in the growth products. For example, after we annealed the 

(110) YSZ substrate with patterned Au catalyst at 900 °C for one hour in air before the 

growth of NWs growth, the growth directions of ITO NWs decrease from four (Figure 

6c and 6g) to two (Figure 6e and 6i). This refined preference of [-110]-oriented NWs 

with the rectangular cross section over [001]-oriented NWs with triangular cross 

section provides addition control on the growth orientation. Overall, the final growth 

morphology is the product of complex interplay of both thermodynamic factors like 

surface and interface energies and kinetic factors like initial phase nucleation and 

growth history.  

In summary, the unprecedented freedom of producing NWs with diverse 

morphologies, as highlighted by this work, open doors towards not only the 

fabrication of advanced nanostructure and devices based on orientation-controlled 

NWs but also better understanding on the rich mechanisms of NW growth. Herein, we 

limited our experiments to the morphology control of ITO NWs and the epitaxy-based 
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growth mechanism; since ITO is the most widely used transparent conducting oxide, 

we expect that oriented ITO NWs will be applied to a wide range of solar and light 

emitting nanodevices in future studies. 
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Figure 1. Synthesis of ITO NWs on (100) YSZ substrates. (a) Schematic illustration 

of the dynamic temperature profiles used in the synthesis of planar ITO NWs. (b-c) 

SEM images of planar NWs at different magnifications. (d) Schematic illustration of 

the growth conditions of vertical NWs. (e) SEM top-view image of vertical NWs. (f) 

SEM tilted view images of vertical NWs (tilt angle = 20°). Scale bars for the high 

magnification images in (e) and (f) are both 100 nm. (g) Schematic illustration of the 

growth conditions of random NWs. (h-i) SEM images of random NWs with different 

magnifications. Scale bars are 1 m in (b), (e), (f) and (h), and 100 nm in (c) and (i).  
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Figure 2. Structural characterization of planar ITO NWs. (a) Low-magnification 

HAADF-STEM image of planar ITO NWs on a (100) YSZ substrate. Scale bar, 50 

nm. (b) SAED pattern taken from an area near the NW-catalyst interface, showing the 

epitaxial relationship between the ITO NW and the Au catalyst particle. The zone axis 

for the (S)TEM observation is noted. (c) Geometrical phase analysis data taken along 

the [100] and [010] directions of YSZ. (d) High-resolution ADF-STEM image of the 

cross-section of an ITO NW, which was taken at the area enclosed by dashed lines in 

(a). The white contrast at the interface indicates the presence of localized strain. Scale 

bar, 5 nm. The black arrows in (c) and (d) mark misfit dislocations at the interface. (e) 

High-resolution HAADF-STEM image of the tri-junction of the ITO NW, the YSZ 

substrate, and the Au catalyst particle. Scale bar, 10 nm. (f) ABF-STEM image of the 
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interface between the ITO NW and the YSZ substrate. Scale bar, 1 nm. In (d-f), the 

yellow arrows mark the ITO/YSZ interface. (g) Schematic illustration of the growth 

process of the planar ITO NWs.  

 

 

 

Figure 3. Characterization and growth mechanism of vertical ITO NWs. (a) 

Cross-sectional HAADF-STEM image of the out-of-plane ITO NWs. Scale bar, 100 

nm. (b) High magnification HAADF-STEM image for the marked rectangular area in 

(a). An epitaxial ITO layer with a thickness of ~40 nm, marked with white arrows, can 

be clearly seen on the YSZ substrate. Scale bar, 50 nm. (c) HAADF-STEM of the 

interface (marked by yellow arrows) between the ITO NW and the YSZ substrate. 

Scale bar, 5 nm. (d) Schematic illustration of the growth process of vertical ITO NWs, 

concurrent with the formation of a buffer layer. 
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Figure 4. Reciprocal space maps of planar and vertical ITO NWs. (a-b) (002) HL and 

(-204) HL reciprocal space mapping data of the planar ITO NWs grown on the (100) 

YSZ substrate. KL mapping data (not shown) are similar with the same distribution of 

diffraction intensities. (c) Schematic illustration of the deformed orthorhombic ITO 

unit cell on the cubic YSZ. For clarity, the structural deformation is exaggerated. For 

ITO NWs, there are two equivalent variants of deformation with orthogonal 

orientations. (d-e) (002) HL and (-204) HL reciprocal space mapping data of the 

vertical ITO NWs grown on the (100) YSZ substrate. (f) Schematic illustration of the 

cubic structured ITO unit cell on the cubic YSZ substrate. The lattice constants for 

both planar and vertical ITO NWs were calculated from the coordinates of their 

diffraction peaks in the reciprocal space mapping data with the YSZ substrate as the 

reference. 
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Figure 5. Aligned ITO NWs on (110) and (111) YSZ substrates. (a-b) SEM images of 

planar ITO NWs on a (110) YSZ substrate at different magnifications. The 

orientations of the NWs have a perpendicular configuration. The TEM images in (a) 

show the cross-sections of ITO NWs observed along two directions: [001] and [-110]. 

(c) Schematic illustration of planar ITO NWs on a (110) YSZ substrate. The cross 

sections of the ITO NWs show triangular and rectangular shapes, depending on the 

orientation of the NWs. (d-e) SEM images of planar ITO NWs on (111) YSZ 

substrates at different magnifications. The orientations of the planar NWs have a 

3-fold symmetry. The HAADF-STEM image in (d) shows the cross-section of NW. (f) 

Schematic illustration of planar ITO NWs on a (111) YSZ substrate. (g-h) SEM 

images of out-of-plane ITO NWs on a (110) YSZ substrate at different magnifications. 

The arrows in (g) indicate the orientations of NWs in the top-view. (i) Schematic 
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illustration of the out-of-plane ITO NWs on a (110) YSZ substrate. (j-k) SEM image 

of out-of-plane ITO NWs on a (111) YSZ substrate at different magnifications. The 

arrows in (j) indicate the orientations of the NWs in the top-view. (l) Schematic 

illustration of the out-of-plane ITO NWs on a (111) YSZ substrate. Scale bar, 1 m in 

(a), (d), (g), (j); 100 nm in (b), (e), (h), (k); 20 nm in the insets of (a) and (d). 

 

 

 

 

 

 

Figure 6. Regular arrays of planar ITO NWs. (a) Schematic illustration of 

site-specific planar ITO NWs grown from patterned Au catalyst nanoparticles. (b-d) 

SEM image of the as-fabricated NWs on (100), (110) and (111) YSZ substrates, 

respectively. The false colors of the NWs indicate the growth directions, i.e., red: right, 

yellow: left, blue: down, and green: up in (b-c); red: left, yellow: right-up, and blue: 

right-down in (d). Examinations of dozens of SEM images suggest that the growth 

directions on various YSZ surfaces are equivalent within statistical errors. The growth 

directions of the ITO NWs further reveal the crystallographic axes of the YSZ 

substrate, which is about three degrees tilted from coordinates of the EBL patterns of 

Au nanoparticles (marked by dashed lines). Scale bar, 5 m. (e) SEM image of the 
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as-fabricated NWs on (110) YSZ substrates, where the substrate with patterned Au 

catalyst was annealed at 900 °C for one hour in air before the NW growth. The false 

colors of the NWs indicate the growth directions, i.e., red: right, yellow: left. Scale 

bar, 5 m. (f-i) SEM images of planar NW arrays with higher magnification. Scale bar, 

1 m. 
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