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1. Polarity determination of the ZnO nanopillar 

HRTEM images were taken by negative spherical aberration correction technique (NCSI) 

at 300kV accelerating voltage.
1, 2

 Based on the experimental parameters applied for acquiring 

HRTEM image (Fig. 1a), we conduct image simulations by using the multi-slice method
3
 

with a commercial MacTempas program. During the experiments, the spherical aberration 

(Cs) was set to about -13 m, which meets the negative Cs imaging (NCSI) condition.
1
 The 

two-fold astigmatism (A1), three-fold astigmatism (A2) and axial coma (B2) are set to be 

0.08 nm, 19.2 nm and 11.3 nm, respectively. The simulation parameters, including aberration 

parameters listed above, the convergence angle (0.20 mrad), the mechanical vibration (0.04 

nm), the ranges of over-focus and the specimen thickness, as well as the sample tilt 

conditions (slightly tilted around exact [1210]  zone axis), are imported as the initial input. 

The simulated images for a range of specimen thickness (from 10 Å to 50 Å, with a step of 2 

Å) and over-focus (from 40 Å to 80 Å, with a step of 2 Å) are shown as output results. Then, 
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the cross correlation coefficients (CCC), which measure similarity in the pattern between the 

experimental image and the computed image, are calculated. Since the images to be 

compared are set to a mean level of 0 and normalized, any scaling of the type IExp = a×ICalc＋

b (where IExpe is the intensity of the experimental image; ICalc is the intensity of each 

simulated image; a and b are two constants) would give a cross correlation coefficient of 1. 

Exact fit is given as CCC = 1 and a reverse contrast gives CCC = -1. Through iteratively 

repeating this process, each parameter can be optimized and the best-fitted simulation image 

can be found, as shown in the inset in Fig. 1a. Thus, the parameters for the best-fitted 

simulation image can be determined: the specimen thickness is around 22 Å, the over-focus is 

optimized as about 54 Å, and the specimen is slightly tilted along [0001] direction, the angle 

of which is around 7 mrad off the exact [1210]  zone axis. 

 

2. Determination of ZnO 

    As shown in Supplementary Fig. S1b, we measure the atomic distance of the inner ZnO 

and use it as reference to obtain the atomic distance of the newly grown layers. The interlayer 

distances of the newly grown layers are measured to be 2.8 Å and 5.2 Å, corresponding well 

with that of ZnO (shown in Supplementary Fig. S1b, c). For eight atoms marked by the 

colored lines in Supplementary Fig. S1b, c, the lattice difference along the [1010]  direction 

between Zn and ZnO is 4 Å, which is large enough to be distinguished. Besides, there should 

exists a 21% lattice difference along the [1010]  direction between Zn and ZnO (2.31 Å and 

2.81 Å) , while no severe lattice distortion is observed at the interface between the original 

ZnO film and the newly grown layers. These facts indicate that the newly grown layers are 

ZnO rather than Zn. 
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Supplementary Figure S1. Determining the newly grown layers are ZnO. (a) Atomic 

models of ZnO and Zn, with their lattice parameters also indicated. (b) The measured 

interlayer distances of the newly grown material, indicating the material is ZnO rather than 

Zn. (c) The intensity profiles for the region marked by the colored lines in (b). 

 

3.  Reversible Wurtzite-Tetragonal Reconstruction in the ZnO nanopillar 

Supplementary Table S1. Structure parameters of WZ and BCT phases ZnO 
4
 

 

Space 

Group 

Lattice 

constants 

Angles Wyckoff Positions 

WZ P63mc 

a=b=3.25Å, 

c=5.20 Å 

α=β=90°,γ=120° 

Zn(0.333,0.667,0), 

O(0.333,0.667,0.382) 

BCT P42/mnm 

a=b=5.58 

Å, c=3.24 Å 

α=β=γ=90° 

Zn(0.333,0.667,0), 

O(0.167,0.833,0.5) 

 

According to the lattice parameters for wurzite (WZ) ZnO and body-centered-tetragonal 

(BCT) ZnO shown in Supplementary Table S1, atomic configurations of the ZnO (1010)  
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surface before (see Supplementary Fig. S2a) and after (see Supplementary Fig. S2b) 

WZ-BCT reconstructions in the outmost layers are constructed. The WZ-BCT reconstruction 

corresponds well with our experimental results (see Supplementary Fig. S2c). During the 

layer-by-layer growth process, this outmost layer presents reversible WZ-BCT reconstruction 

behavior 

 

Supplementary Figure S2. Side surface reconstruction of the ZnO nanopillar. Atomic 

models of ZnO (1010 ) surface before (a) and after (b) WZ-BCT reconstruction. WZ-BCT 

reconstruction can be found at the outmost layers as shown in the bottom part of (b) and (c). 

(c) Magnified image of the top part of the nanopillar after 4s growth in Fig. 1b. Atomic 

distortions happen because of the unequivalent lattice parameters of WZ and BCT phases 

ZnO.  

 

Once the surface reconstructions happen, as shown in Supplementary Fig. S2b, the 
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orientation relationship between WZ and BCT phases is [0001]WZ∥[100]BCT and [2110]WZ∥

[001]BCT. Thus, BCT phase ZnO suffers from 7.3% in-plane compressive strain and surface 

lattice distortion can be expected. 

 

4. Nanopillar Growth 

  Supplementary Fig. S3 shows the layer-by-layer growth process of another ZnO nanopillar. 

Five Zn-O layers are formed within 8s. Comparing the length change rate with the 

nanopillars shown in Fig. 1 and Fig. 3 indicates they share almost the same value of 0.26 

nm/s. 



S6 
 

 

Supplementary Figure S3. Layer-by-layer growth of a ZnO nanopillar. The 

layer-by-layer growth process of another ZnO nanopillar, showing almost the same length 

change rate with the nanopillars shown in Fig. 1 and Fig. 3. 
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5. Atomic arrangement of (0001) plane and (2202)  plane of ZnO 

    By measuring the interplanar spacings, the crystal direction of C3 is determined and the 

crystal orientation relationships with C1 and C2 are shown in Fig. 4e. According to our 

results, the orientation relationships between C1, C2 and C3 are (0001)C2 // (2202) C3 and 

(0001)C3 // (2202) C1. The atomic arrangement of (0001) plane and the (2202)  plane and 

their relationship are shown in Supplementary Fig. S4. 

 

Supplementary Figure S4. Atomic model of WZ ZnO, showing the atomic arrangement 

of the (0001) and (2202)  planes. (a) 3D view of the (0001) and (2202)  planes. (b) Side 

view of the (0001) and (2202)  planes. (c) The atomic arrangement of (0001) plane. (d) The 

atomic arrangement of (2202)  plane.  

 

6. XRD Characterization of the ZnO sample 

   The sample quality was characterized by X-ray diffraction (XRD), using a Rigaku 

Smartlab X-ray diffractometer. The θ-2θ scanning result for the ZnO film deposited on Al2O3 
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substrate is demonstrated in Supplementary Fig. S5. Only (000n) peaks can be seen, implying 

the film was grown with the out-plane direction parallel to that of the substrate. To verify the 

in-plane symmetry of the film, ZnO (1122)  plane and Al2O3 (1123)  plane, which share the 

same in-plane projection component, were selected for the -scanning experiments. The 

peaks for both ZnO and Al2O3 peaks are separated by 60°, showing six-fold rotational 

symmetry of (0001) plane. The ZnO peaks are 30° off-set to Al2O3 peaks, indicating a 30° 

in-plane rotation of the film with respect to the substrate. Thus, the epitaxial relationship of 

the ZnO film on the Al2O3 substrate can be characterized to be ZnO [0001] // Al2O3 [0001] 

and ZnO [1010]  // Al2O3[1120] . 

 

Supplementary Figure S5. The XRD spectra of a ZnO film/Al2O3 substrate sample. Only 

(000n) peaks, both for the Al2O3 substrate and the ZnO film, can be detected in θ-2θ scanning. 

The -scans results are demonstrated in the inset, implying a 30°in-plane rotation of the 

ZnO film on the Al2O3 substrate. 

 

7. TEM Specimen Fabrication Process 
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Supplementary Figure S6. TEM sample fabrication process. (a) A wire saw was used to 

cut the thin film sample. The cutting positions are indicated by the red dashed lines. (b) The 

cutted parts are rotated by 90° and bounded by glue (shown in yellow). The sample is thinned 

by abrasive paper. (c) The thinned sample is mounted to a copper ring. In the middle part of 

the sample, an observation window is opened by ion milling process. (d) Schematic diagram 

showing the experimental geometry. 
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